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1.1 Preamble 
 Malaria is undisputedly a disease of poverty. The most severe form of malaria is 

caused by blood borne malaria parasite Plasmodium falciparum as cerebral malaria 

with fever, multi-organs failure, coma and death may ensure in 72 hours; if the disease 

is not properly diagnosed and treated by rapid effective antimalaria drug. For several 

decades the gold standard for treatment of malaria was chloroquine (CQ), a 4-

aminoquinoline since 1940. However, the continuous use of CQ as monotherapy, it was 

reported that CQ resistance strains of P. falciparum have developed and rendering this 

drug increasing ineffective. Inspite of the prevalence of CQ resistant P. falciparum, the 

drug continued to be widely used in India and other countries of the world. The 

combination drug treatment practices are now-a-days, common in treating many 

infectious diseases. A combination therapy of a new class of antimalaria drug, 

artemisinin-quinine hybrid compound is reported to be highly effective against 

cultured, asynchronous, blood-stage P. falciparum strains 3D7 and FcB1.  

 

1.2  Epidemiology of  malaria  
 Despite intensive international efforts, malaria still affects 5% of world 

population [Liwang et al., 2009]. Every year about 12 lakhs people all over world died 

from this infectious disease. The severity of malaria in India in compare to other 

tropical countries is more and about 55% of reported cases are from India. Children are 

most affected and victims of death [WHO, 2011]. 

 

A major factor that severely hinders to ‘roll-back malaria’ is the emergence and 

spread of parasite resistant to affordable antimalarial agents. The situation is 

particularly grave in south-east Asia, where the prevalence of multidrug resistant 

(MDR) parasites has become the great challenge for management of malaria [Olliaro et 

al., 2005], leading to major changes in the treatment policy of the WHO [Bosman et 

al., 2007].As a result, WHO sponsored campaign for prevention and more effective 

treatment, however the disease is not been controlled. The disease is estimated to be 

responsible for an average annual reduction of 1.3% in economic growth for countries 

with the heaviest malaria burden [Sachs et al., 2002].  
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1.3The cause of the disease 
  Malaria results from the infection caused by four species of the protozoan 

parasite i.e. Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale and 

Plasmodium malariae. The life cycle of Plasmodium parasite is complex and requires 

two different hosts, a vertebrate host (man) and an invertebrate host, the female 

Anopheles mosquito (vector) [White et al., 1999].The infection may be acquired 

wherever there are human host carrying the parasites and sufficiency of suitable female 

anopheles mosquitoes together with condition of temperature and humidity which 

favour the development of the parasite in the mosquitoes. So malaria bears the list of 

mosquitoes borne disease. 

  

 While four Plasmodium species commonly infect humans, the two that causes 

most morbidity and mortality are Plasmodium falciparum and Plasmodium vivax. 

Besides, P. malariae is the cause of most deaths, which occurs mainly in children and 

pregnant woman in sub-Saharan Africa. So P. falciparum is selected as the main target 

of drug intervention with the following special features [Dame  et al., 2003]  

1. P. falciparum digests up to 80% of host cell haemoglobin during the 

erythrocytes phase of its asexual life cycle consuming 10 g of haemoglobin 

per day. 

2. Malaria death is high and almost all malaria death is due to P. falciparum with 

cerebral malaria. 

3. P. falciparum is most prevailing parasite in tropical country in compare to the 

other three species. 

4. The appearance of drug resisistance mutation in P. falciparum is high in 

compare to other species. 

5. Four plasmepsins resided at a time in digestive vacuole of P.falciparum but 

departure in number of plasmepsins are noticed in other three species. 

6. P.falciparum HAP is the most divergent vacuolar plasmepsin with no 

counterpart with other characterized species of Plasmodium. 
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1.4 Pathogenesis 
Life cycle of Plasmodium is completed with two hosts, human serve as the 

primary host and mosquito, a secondary host (Fig.1.1). The life cycle of Plasmodium 

can be divided into four phases. 

 

1.4.1 Exo-erythrocytic cycle 

1.4.2 Eryhrocytic cycle  

1.4.3 Post eryhrocytic cycle 

1.4.4 Sexual reproduction 

 

 
                            Fig1.1. Life Cycle of Plasmodium falciparum in two hosts 

 

1.4.1 Exo-erythrocytic cycle 

The cycle in man begins with the bite of a female Anopheles mosquito 

harbouring sporozoites in its salivary gland during its blood meal. The sporozoites 

travel through the punctured skin into the blood stream. The sporozoites in the blood 

stream travel to the liver and invade hepatocytes within 30 minutes of being released by 

the mosquito. In the liver cells they reside for 9-16 days and then start multiplying 
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asexually within the cells. Asexual reproduction (exoerythrocytic schizogony) in the 

liver releases thousands of merozoites, which are the first stage of the 48-hour asexual 

reproduction cycle in the red blood cells (eryhrocytic schizogony). 

 

1.4.2 Erythrocytic cycle    

The merozoites that enter the R.B.C are called metacryptozoites. Inside the 

R.B.C each becomes rounded and then starts grow in size. They absorb food by surface 

of the body. It enters a corpuscles and non contractile vacuoles developed in his body 

which give it a ring like appearance. As a result of further growth the vacuoles 

disappears and pseudopodia extend and ingest the cytoplasm laden with haemoglobin. 

The haemoglobin is break down into its protein component and haematin. The protein 

portion is used as food, while the haematin form a pigment known as haemozoin. It 

further grows to spherical shape and occupies almost entire corpuscle. After this it is 

ready for sexual reproduction. Its reproduction is called eryhrocytic schizogony and it 

takes place by multiple fission. The nucleus divides repeatedly till there are 12-24 

nuclei. In this way a small oval cell known as micromerozoite is formed. The outer wall 

of the corpuscles now burst and a number of micromerozoites escape into the plasma. 

Each merozoite now enters a fresh and healthy RBC and the above is repeated 

[Bannister et al., 2000]. The erythrocytic schizogony is the time when the human host 

suffers periodic cycles of clinical symptoms like fever and chills due to toxic effect of 

haemozoin granules  

 

1.4.3 Post-eryhrocytic schizogony   

The erythrocyte merozoites may again go from the blood stream to the liver cell 

in order to carry on another cycle of asexual multiplication where these merozoites are 

released into the blood stream. They cause relapse, often months after the primary 

attack. 

 

1.4.4 Sexual reproduction  

 While the merozoites continue invading fresh RBCs and continue asexual 

reproduction, some of them exit the asexual reproduction cycle and mature to male and 

female gametocytes by a process known as gametogenesis. Finally they become free 
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from the corpuscles and float in the blood stream. The further development of the 

gamete does not take place in human body. When the mosquito sucks the blood from a 

malaria patient the blood contains gametes, the tropozoites and micomerozoites. In case 

of female Anopheles, a cold-blooded mosquito further development of gametes takes 

place within the mosquito [Sherman, 1998].  

 

1.5 Clinical feature 

 The interval from the time of biting by the infected mosquito to the onset of 

detectable fever varies but is often about a weak or 10 days for P.falciparum infection 

and somewhat longer for the other species. P.falciparum infections are more insidious 

and more dangerous than other forms of malaria. Fever in this variety is prolonged and 

irregular and does not usually rise to quite so high. A severe haemolytic anaemia 

develops often with haemolytic jaundice. A patient with falciparum malaria, apparently 

not seriously ill, may suddenly develop complication which renders his condition 

grave. Children may die rapidly without any special symptoms [Macleod, 2010]. 

 

1.6 The present study 

        The structural parameter of recombinant HAP enzyme has been determined by 

X-ray crystallography (Bhaumik et al., 2009). The antimalarial activity of artemisinin-

quinine hybrid compound against P.falciparum has been studied in vitro [Walsh et al., 

2007]. With these two plus points; molecular modeling study has been implemented to 

determine the antimalarial activity of artemisinin-quinine hybrid targeting P. 

falciparum vacuolar plasmepsins. HAP enzyme has been considered as a primary target 

in this study. Similarly interaction mechanism of artemisinin-quinine hybrid and its 

structural derivatives has been analyzed with Fe-protoporphyrin-IX as a putative 

receptor through docking molecular mechanics study. So the project is entitled as 

“COMPUTATIONAL STUDY OF HISTO-ASPARTIC PROTEASE (HAP) AND 

ARTEMISININ-QUININE HYBRID-INTERACTION, MECHANISM AND 

ANTI MALARIAL ACTIVITY”. 
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1.7 Selection of antimalaria drug 
 For the selection of anti malaria drug, following criteria have been taken into 

consideration.   

(a) Malaria is a blood-borne disease and host haemoglobin is degraded by parasite 

to use as their nutrient in the food vacuole for their survival. So a fast acting 

blood schizontocide drug against multi drug resistant strain of P.falciparum is 

the prime consideration for selection of anti-malaria activity.  

(b) The second aspect is toxicity; two principles should guide the selection of 

chemotherapeutic drug. Firstly, a chemotherapeutic agent must have a selective 

affinity for the protoplasmic constituent of the parasite, but not for the tissues of 

host. Secondly the agent should be selectively toxic to the parasite, but not to 

the host. 

(c) Last but not the least; Malaria is a poor man’s disease. Low cost-of-goods for 

antimalarial drug is the necessity for medical success. The drug should be safe, 

affordable and can be orally used.  

 

1.8 Quinine 
        Quinine is first natural antimalaria drug isolated from Cinchona bark in 1820, 

replaces the crude preparation and continued to be the major antimalaria drug till 1942 

[Wallace et al., 1996]. Quinine is a laevorotatory alkaloid. The molecular formula is 

C20H24N2O2.The structure of quinine is presented below:        

                                               
                                    Fig.1.2. Chemical structure of quinine 

 

         Quinine is the drug of choice for cerebral malaria. Quinine has rapid 
schizonticidal action against intraeryhrocytic malaria parasites. It belongs to the aryl 
amino alcohol group of drugs. It is an extremely basic compound and is, therefore, 
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always presented as a salt. The dissociation constant pKa is 8.58 and the partition 
coefficient (LogP) value of unionized Quinine is 2.79. Quinine is rapidly absorbed both 
orally and parenterally, reaching peak concentrations within 1-3 hours [Salako et al., 
1998]. It is distributed throughout the body fluids and is highly protein bound, mainly 
to alpha-1acid glycoprotein. The half-life of quinine ranges between 11-18 hours 
[White et al., 1983]. Over the years, malaria parasites have developed resistance to a 
number of commonly used anti-malarial drugs. However the development of resistance 
to quinine has been slow. Although its use started in the 17th century, resistance to 
quinine was first reported in 1910 [Peters, 1982]. Findings from a recent systematic 
review of about 435 clinical trials published between 1966 and 2002 showed that the 
recrudescence rates for quinine reported over these past 30 years remained roughly 
constant [Myint et al., 2004].These findings are encouraging and suggest that efficacy 
of quinine has been preserved. 
 

1.9. Artemisinin 
           Artemisinin is an oxidant, a natural drug extract of Quinghao named 
Quinfgaosu, a weed like plant growing over large part of China. It is an endoperoxide a 
sesquiterpene lactone [Klayman, 1985]. The active principle of this herb called 
artemisinin (C15H22O5) [Liu JM, 1992]. The compound showed good in vitro and in 
vivo antimalarial activity. Several studies showed artemisinin to be an exceptional 
antimalarial agent with negligible toxicity and high efficacy against human malaria 
parasites. This also includes that malaria, resistant to conventional antimalarial [Li et 
al., 1994]. The structure of artemisinin is presented below: 

 
Fig.1.3 Chemical structure of artemisinin 

          

 Artemisinin has a peroxide group. The lactone ring has a trans-configuration. It 

has an unusual 1, 2, 4-trioxane ring, a bridging peroxide group [Lee and Hufford, 1990, 

Luo and Shen, 1987]. The white needle crystals of artemisinin are hardly soluble in 
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water or oil therefore formulations other than oral and rectal are not in clinical use. 

However, since the peroxide bridge is stable under certain chemical reactions, several 

more soluble artemisinin derivatives, arteether, artemether (oil soluble), sodium 

artesunate (water soluble) and dihydroartemisinin (DHQ) have been synthesized for the 

treatment of malaria. DHQ is the first metabolite of artemether, arteether and 

artesunate. DHQ is the most effective compound of this class [Janse et al., 1994]. 

Artesunate can be regarded as a pro-drug of DHQ. 

                     
 

                                 Figure 1.4. Artemisinin and its derivatives 
 
1.9.1 Antimalaria activity of artemisinin 
 Although artemisinin has been on the market for more than 30 years, little is 
known about its biological targets till date [Wu, 2002]. Presence of the endoperoxide 
moiety is the key to its antimalarial activity [Brossi et. al., 1988; Klayman, 1985; Lee 
et. al., 1990; Luo et. al., 1987].One of the main reasons is that artemisinin does not 
exert its lethal effect through the whole intact molecule, but rather, through some 
transient species generated after cleavage of the peroxy bond [Wu, 2002]. Being 
hydrophobic in nature, artemisinin passes biological membrane easily [Augustijns et 
al., 1996]. In vitro studies have suggested an uptake of artemisinin by both healthy and 
malaria infected red blood cells [Asawamahasakda et al., 1994]. During the blood stage 
phase of the parasite, more than 70% of the haemoglobin within the infected 
erythrocyte is digested [Francis et al., 1997]. Haeme is released which is toxic for the 



9 
 

parasite and neutralized by polymerization into haemozoin or “malaria pigment” in the 
form of a crystalline, insoluble, black-brown pigment. The haeme polymerization 
pathway is specific to the malaria parasite and offers a potential biochemical target for 
the design of antimalarial. Haeme or iron (II) salts triggers reductive cleavage of the 
peroxide bond in artemisinin to form oxygen centred radicals. Oxy radicals then form 
carbon centred radicals [Kamchonwongpaisan et al., 1996] (Figure 1.5). These radicals 
cause oxidative stress and damage the parasite’s membrane systems such as 
mitochondria, rough endoplasmic reticulum and plasma membranes [Asawamahasakda 
et al., 1994, Cumming et al., 1997, Maeno Y et al., 1991]. Recent studies have shown 
that artemisinin taken up by the malaria parasite growing in vitro was selectively 
concentrated in the parasite food vacuole and was associated with haemozoin [Hong et 
al, 1994]. Artemisinin also interacts with haeme, forming covalent adducts [Hong et 
al., 1994, Meshnick et al., 1991]. However, it has also been reported that the 
artemisinin haeme complex does not possess any antimalarial activity [Meshnick et al., 
1991]. Further studies related to structural and mechanistic aspects of the interaction of 
artemisinin with haeme may yield important information for the design of better 
antimalarial. 

                  
         Fig.1.5. Mechanism of action of artemisinin through formation of free radicals 
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1.10 Need of drug combination: artemisinin-quinine hybrid compound  
        Drug combination potentially offers a number of important advantages over 
monotherapy. Appropriately chosen combination must be super-additive and might 
provide synergistic activities. Drug combination increase the likelihood that in the setting 
of drug resistance, combination might offer additional advantage if the separate agents 
are active against different parasite stages and if they provide opportunity to decrease 
dosage of individual agent thereby reducing cost and/or toxicity. 
 
          In order to overcome the limitations, disadvantages and deficiencies of individual 
use of quinine and artemisinin against malaria, artemisinin-quinine hybrid has been 
selected and analyzed to design a complete antimalaria drug (Fig 1.6). Quinine and 
artemisinin are the alkaloids, from natural source of plant kingdom. The linkage of 
dihydroartemisinin and quinine in a single hybrid molecule retains and possibly 
enhances the antimalaria activities of both artemisinin and quinine. It also increases the 
potency of compound of hybrid which enhanced the cellular uptake over that of the 
individual components. So quinine and its analogue structure and artemisinin with its 
derivatives with suitable combination have many advantages like quick reduction of 
fever, fast cleaning of parasite in the blood and no significant side effects. Quinine has 
drug resistance problem where as artemisinin being newly introduced drug with no 
resistance problem but suffers as monotherapy from late recrudesces due to its short 
half life period. So Artemisinin based combination therapy (ACTs) with quinine has 
more advantages than the individual components. 

                                              
                   Fig.1.6 Dihydroartemisinin-quinine hybrid structure 
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            Additionally, this new hybrid may act as a ‘mutual prodrug’ in the case where 

ester group is hydrolyzed to the individual component and thus act as a unique way of 

delivering the anti-malaria agents to protozoan site of action. Also the combination 

might be expected to show a decrease in the duration of the side effects that are often 

associated with quinine regimes and additionally offer the possibility of a new 

antimalaria drug with discrete activities in its own right.   

 

         Hybrid molecule also has advantages: (1) The phrmacokinematics of the hybrid 

molecule is more predictable. (2) It is possible to use the uptake capacity of one motif 

to boost the biodisponsibility of the second entity. (3) As both components of the 

hybrid have independent mechanisms of action, resistance to a drug of this type may be 

less likely.   

 

1.11 Properties of dihydroartemisinin-quinine hybrid compound 
1. The dihydroartemisinin-quinine hybrid obtained showed superior antimalarial 

activity over quinine, artemisinin and a 1:1 mixture of artemisinin and quinine 

both in cultures of P. falciparum 3D7 and the chloroquine-resistant strain FcB1 

[Walsh et al., 2007]. 

2. The compound has both the characteristic feature of hybrid as well as prodrug 

since the ester bond can easily be hydrolyzed and dihydroartemisinin is more 

potent than artemisinin itself.  

3. The hybrid compound has higher potency because enhanced cellular uptake 

over the individual parent compounds. 

4. This compound is expected to readily form soluble salts in the same way as 

quinine so may offer an improvement in formulation and allow for shorter 

treatment with enhanced compliance. 

5. The combination might be expected to show a decrease in the duration of the 

side effects that are often associated with quinine regimens and additionally 

offer the possibility of a new antimalarial drug with discrete activity in its own 

right. 
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6. Artemisinin-quinine hybrid compound has higher half life than its lipophilic, 

fast-acting artemisinin entity with the coupling of the slow-acting, polar quinine 

derivative. 

7. As both components of the hybrid have independent mechanisms of action, 

resistance to a drug of this type may be less likely. 

8. An interesting feature of the artemisinin–quinine hybrid was that the two drugs 

had been reported to be synergistic with FIC (Fractional Inhibitory 

Concentration) is less than 0.5 [Bell, 2005]. 

9. In artemisinin-quinine hybrid the recrudescence rate is reduced significantly 

usually associated with artemisinin monotherapy at rate of around 10%. 

10. The hybrid drugs may be less expensive since, in principle, the risks and costs 

involved may not be different from any other single entity. 

11. The hybrid antimalaria drug is effective against MRD (multi-drug resistant) 

parasite because the chance of parasites simultaneously developing resistance as 

a result of genetic mutations to two drugs with different modes of action is 

much lower than the chance of parasite developing resistance to single drug. 

 

1.12  Experimental study 
 The hybrid structure of artemisinin-quinine has superior activity to that of 

artemisinin alone, quinine alone, or a 1:1 mixture of artemisinin and quinine. The 

artemisinin–quinine hybrid had potent antimalarial activity in culture (Table 1.1) 

 
Table 1.1 Fifty percent inhibitory concentration (IC50) of the artemisinin-quinine hybrid 
compared with the individual drugs  
 

Compound         3D7 (48 hrs)            3D7 (72 hrs)                FcB1 (48 hrs)          FcB2 (72 hrs)  
                    IC50/nM/Final/Initial   IC50/nM/Final/Initial      IC50/nM/Final/Initial   IC50/nM/Final/Initial                        

Geometric mean IC50/nM (95% confidence limit) 
 

Quinine 149 (95.1, 232) 73.5 (57.0, 94.6) 96.8 (74.5, 126) 75.3(59.0, 96.1) 

Artemisinin            89.4 (40.7, 60.0)   45.5 (35.3, 58.6)  50.0 (43.7, 57.3)          55.0(39.0, 77.4) 

Art-Qui-OH           8.95 (6.59, 12.2)  10.4 (6.06, 17.9)     9.59 (7.06, 13.0)          10.2 (4.73, 21.9) 

Quinine+ Artemisinin    31.8 (27.4, 37.0)  28.6 (21.5, 38.2)  27.9 (26.5, 29.5)    26.3 (24.7, 28.0)   
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P. falciparum 3D7 was inhibited by much lower concentrations of the hybrid than of 

quinine or artemisinin alone, suggesting that the actions of both quinine and artemisinin 

moieties were preserved. Moreover, when the activity of the hybrid was compared with 

that of a 1:1 mixture of quinine and artemisinin (on a mol quinine/mol artemisinin basis), 

the hybrid was about threefold superior. This suggested that the two molecules joined 

together were more active than the same two molecules administered separately. The 

higher activity of the hybrid may however be the result of its cleavage to form quinine 

and dihydroartemisinin, the latter compound being more active than artemisinin itself.  

 

1.13 Additive/Synergistic study of hybrid molecule 

       The artemisinin-quinine hybrid compound with two individual components of 

artemisinin and quinine; the interaction with respect to additive or synergistic have 

been studied with experimental IC50 value of the individual compound in comparison to 

the concentration of hybrid. The fraction inhibitory concentration FIC has been 

calculated as follows [Bell, 2005] 

 

 FIC of hybrid molecule =Concentrations of the Inhibitor/IC50 of the Compound 

B+ Concentration of the Inhibitor/IC50 of the Compound A 

‘Cut-off’ value of ∑ FIC = 0.5 has been widely used, such that ∑ FIC < 0.5 is regarded 

as synergistic and ∑ FIC > 0.5 not. 

 

FIC for Chloroquine sensitive 3D7 strain:  

After 48 hrs of incubation= 8.95/49.4+8.95/149=0.18+0.06=0.24 < 0.5 

After 72 hrs of incubation=10.4/45.5+10.4/73.5=0.22+0.14=0.36 < 0.5 

FIC for Chloroquine resistant FcB1 strain: 

After 48 hrs of incubation=9.59/50+9.59/96.8= 0.19+0.09=0.28 < 0.5 

After 72 hrs of incubation= 10.2/55 +10.2/75.3=0.18+0.13=0.32 <0.5 

 

So from the above data a conclusion can be drawn that the linkage of 

artemisinin and quinine in a single molecule can possibly enhance the antimalarial 

activity of the parent compounds. 
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1.14 Structure-activity relationship (SAR) of artemisinin-quinine hybrid 
          In the stereochemistry of artemisinin-quinine hybrid, artemisinin and quinine 

naturally occurring alkaloids are two components of combination therapy of 

artemisinin. The chiral analysis of quinine is (-) 8(S), 9(R). The decision to modify the 

vinyl functionality of quinine was based on study with the compound which indicated 

that modification to other potential side have unfavourable effect on activities. 

Particularly the hydroxyl group (-OH) and the quinoline ring are essential for activities 

but the quinuclidine ring can be substantially modified without loss of activity [Walsh 

et al., 2007]. Alteration to the stereo chemical centres on quinine have mixed effect 

with erythro configuration at the C-8 and C-9 position of quinine analogous being more 

active than the stereoisomer’s for some but not, all derivatives. With respect to 

artemisinin modification to the lactone functionally is well tolerated with 

dihydroartemisinin and artesunate all possessing potent antimalarial activity. The 

compound artemisinin-quinine hybrid which contains artemisinin like trioxanes (O1, 

O2 and O4) is not absolutely necessary however the sesquiterpene lactone bearing 

endoperoxide (O1 and O2) bridge is essential for antimalarial activity. The stereo 

chemical analysis of dihydroartemisinin and its structural study indicates, in general, 

ether, ester and carbonate derivatives of dihydroartemisinin demonstrate appreciable 

antimalarial activity. Also liphophility is an important factor in maintaining and 

increasing antimalarial activity. Dihydroartemisinin containing the easily esterifiable 

hemiacetal functionality is one of the principal artemisinin metabolite form in vivo; it 

was selected as the most appropriate artemisinin derivatives to form the artemisinin-

quinine hybrid. 

 

1.15  Experimental rationale 
         Despite the availability of effective anti malarial drugs, the prevention and 

treatment of malaria is progressively becoming more difficult due to the prevalence of 

multi-drug resistant (MDR) parasite. A number of hybrid agents have been designed 

and tested for antimalarial activity. Significant efforts also have been focused on 

identifying new analogues that have a similar mechanism of action yet superior in 

activity. This project work is the first approach of this kind of endeavour where 
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computational methodology is applied to predict the binding modes and anti malarial 

activity of artemisinin-quinine hybrid and its derivatives two putative bio systems; 

haeme polymerisation and vacuolar plasmepsins.  

 

1.16  Objective of the present study 
The drug artemisinin-quinine hybrid has experimentally proved to be a novel 

and potent antimalarial compound. So the objective of research work is to investigate 

the drug affinity and mode of binding with two separate receptors inside the food 

vacuole target. 

 

The detailed objectives of the research work compiled in the thesis are as follows: 

1. To study and analyze the interaction mechanism of artemisinin-quinine hybrid 

and its congeners complex with Fe-Protoporphyrin-IX. 

2. To estimation of binding energy (∆Gbind) by the method of docking molecular 

mechanics based on generalized Born/surface area (MM-GBSA) solvation 

model. 

3. To study the mode of interaction of hybrid molecule with HAP enzyme. 

4. To predict the binding mode & estimate the relative binding affinity of Art-Qui-

OH with respect to two known inhibitors of HAP  

5. To design an adaptive inhibitor of plasmepsins family of P.falciparum 

considering HAP as the primary structure. 
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2.1 Epidemiology of malaria 
 The epidemiological study with respect to malaria has been well reported from 

different corners of the world [WHO, 2011].The situation is particularly grave in south 

east Asia, where the prevalence of multi-drug resistant (MDR) parasite has become 

great challenge for management of malaria. In this region Plasmodium falciparum 

parasite are resistant to many drugs commonly used to treat malaria, leading to major 

changes in the treatment policy of  the WHO since 2006[Liwang et al., 2009].Since 

then the WHO has advocated a policy of Artemisinin based combination therapy for 

treating Plasmodium falciparum. 

 

2.2 Antimalaria drug 
 The intracellular trophozoite feeds on the haemoglobin of the red blood cell that 

serves as a source of amino acids. Digestion of the globin protein takes place inside the 

Plasmodium lysosome resulting in the generation of free haeme (Ferriprotoporphyrin-

IX, FP). The latter is insoluble and precipitates in the form of a malaria pigment inside 

the lysosomes. Quinoline-containing compounds have long been used to combat 

malaria.  The widely used quinoline drugs chloroquine, quinine, and mefloquine, as 

well as amodiaquine and the nonquinoline drugs such as halofantrine and lumefantrine 

are known to act against the blood stages of the infection by inhibiting detoxification of 

Fe (III) PPIX into haemozoin (Egan et al., 2008). Quinine, the first quinoline 

antimalarial drugs were alkaloids extracted from the Cinchona tree [Wallace et al., 

1996]. Quinine is lipophilic drug that bind tightly to serum components, including 

high-density lipoproteins [Mu et al., 1975, Desneves et al., 1996]. Quinine has a pKa1 

value of approximately 4.2 (Perrin, 1965) and a pKa2 value of 8.2–8.5 (Perrin, 1965, 

Mu et al., 1975). Quinine interacts weakly with haeme (Kd = 2.6X10-6 M) [Chou et al., 

1980] but has been shown to inhibit haeme polymerisation [Slater and Cerami, 1992, 

Chou and Fitch, 1993] and haeme catalase activity [Ribeiro et al., 1997]. Quinine and 

other aryl amino alcohols concentrated in infected erythrocytes [Fitch,1970] as weak 

membrane-soluble bases, and are believed to accumulate in the acidic digestive vacuole 

contents where they undergo protonation [Homewood,1972] and cause the death of the 

intra-eryhrocytic malaria parasite by binding to toxic haematin [Macomber, 1967, Chou 
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et al., 1980] released during haemoglobin digestion, preventing its dimerisation to non-

toxic malaria pigment (haemozoin, β-haematin) [Pagola et al., 2000]. 

 

Over last few decades, different variants of quinine (very often, the structural 

analogues) such as chloroquine (4-amino-quinoline), mefloquine (quinoline methanol), 

primaquine have been used for malaria treatment [Surolia et al., 2002]. But the anti-

malarial efficacy of each of these has been far from satisfactory due to mainly two 

major factors: (1) these drugs act on the targets whose biochemical structure/function 

overlaps with that of the human host [Milhous and Kyle, 1998]. (2) Evolution of 

resistant strains of the parasite within the last two decades due to indiscriminate usage 

of the drugs [Padmanaban and Rangarajan, 2001]. 

 

2.3 Drug-resistant P. falciparum malaria    
Antimalaria drug resistance occurs when the drug concentrations are sufficient 

to reduce the susceptible parasite population [Chawira et al., 1987]. Resistance causes 

drug failures, because of reduced susceptibility; drug levels that would normally 

eliminate the infection can no longer do so. However, fully drug sensitive parasites can 

still cause a recrudescent infection if the plasma concentrations of the drug are 

insufficient [White, 1999a]. Increasing multidrug resistant P. falciparum in many parts 

of the world has aggravated the problem of deciding which antimalarial to use, 

particularly in countries where P. falciparum has developed resistance to chloroquine, 

mefloquine primaquine, antifolates such as Fansidar (Sulphadoxine-Pyrimethamine) 

and, to some extent, quinine which previously was effective in the treatment of severe 

and complicated malaria [Olliaro et  al., 1995]. 

 

Multidrug-resistant P. falciparum malaria is prevalent in Southeast Asia and 

South America. Now Africa, with the highest burden of malaria, is also being affected 

[Wesdorfer et al., 1991]. Key factor contributing to the increasing malaria mortality 

and morbidity is the wide spread resistance of P. falciparum to the conventional 

antimalarial drugs such as chloroquine, sulfadoxine-pyrimethamine (SP) and 

mefloquine [Ridley, 2002, Ronn, 1996, Sowunmi et al., 1998, Agtmael et al., 1999]. 

Antimalarial drug resistance is usually a result either of changes in drug accumulation 
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or efflux (chloroquine, quinine, amodiaquine, mefloquine, halofantrine resistance) 

[White, 1998] or reduced affinity of the drug target resulting from point mutations in 

the respective genes encoding the target (pyrimethamine, cycloguanil, sulphonamides, 

atovaquone resistance) [Foote et al., 1994, Ward et al., 1995]. 

             

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1. Illustrates the global distribution of malaria, showing areas where Plasmodium 

falciparum resistance to the most commonly used anti malaria drugs, chloroquine and 

sulphodoxine-pyremethamine has been documented.  

 

2.4 Artemisinin and its derivatives as antimalarial drugs 
          The active moiety Artemisinin (qinghaosu) was isolated by Chinese scientists in 

1972 from the aerial parts of Artemisia annua L. [Klayman, 1985, Liu, 1979]. The 

compound showed good in vitro and in vivo antimalarial activity. Several studies 

showed artemisinin to be an exceptional antimalarial agent with negligible toxicity and 

high efficacy against human malaria parasites, including those malaria resistant to 

conventional antimalarial [Li et al., 1994]. 

 

2.4.1 Artemisinin derivatives 

         Representing a new class of anti malaria agents, artemisinin is a sesquiterpene 

lactones characterized by an endoperoxide bridge essential for its antimalarial activity. 



19 
 

Because the parent drug of Artemisinin is poorly soluble in water or oil, the carbonyl 

group of artemisinin was reduced to dihydroartemisinin (DHA) and its derivatives such 

as water soluble artesunate and oil soluble artemether and arteether. All these 

derivatives show greater antimalaria activity. 

 

2.4.2. Antimalaria activity of artemisinin 

         Artemisinin is now being considered as the most potent anti malaria agents, 

effective against nearly all asexual and sexual parasite stages [Skinner et al., 1996, 

Chen et al., 1994]. It can kill malaria parasite within minutes with a parasite reduction 

ratio of approximately 10,000 per eryhrocytic cycle, resulting in a rapid clinical 

response [White, 2008, Woodrow et al., 2005]. Moreover, the availability of 

suppository formulation of artemisinin provides additional advantage for easier 

administration, when oral therapy for malaria patients is precluded by vomiting, 

prostration and impaired consciousness. [Karunajeewa et al., 2007, Gomes et al., 

2008]. 

 

2.5 Artemisnin based combination therapy (ACTs) 

         Despite being the fastest drug against all eryhrocytic stages of malaria parasite, 

artemisinin has a very short elimination half life (~1 hr), which precludes their use for 

malaria prophylaxis. In humans, artemisinin derivatives are rapidly bio-transformed to 

their bioactive metabolite DHA, which is later eliminated by glucoronidation [Lee et 

al., 1990, Grace et al., 1998, Ilett et al., 2002]. The rapid elimination of artemisinin in 

human is advantageous in preventing the selection of resistant parasite by the residual 

concentration of drug. On the other hand the short, half life of artemisinin is also 

attributed to poor cure rate and high rate of recrudescence (> 25%) for short course of 

artemisinin therapy (3-5 days). Even 7 day regime of artemisinin monotherapy only 

cures 80-90% of uncomplicated falciparum malaria. This is one of the reasons that 

ACTs particularly combination of artemisinin with a long-lasting drug are 

recommended for treating falciparum infections [Ashley et al., 2005, Davis et al., 

2005]. 
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        The rationale behind ACT is that the chance of parasites simultaneously 

developing resistance as a result of genetic mutation of two drugs with different modes 

of action is much lower than the chance of parasites developing resistance to a single 

drug [Nosten, 2007, White, 1999]. Currently, there are a number of ACTs being used or 

tested in different P.falciparum-endemic regions [Kremsner et al., 2004]. Artemether-

lumefantrine (Coartem) is a fixed dose oral combination for treating uncomplicated 

falciparum malaria in adults and children [Kokwaro et al., 2007]. Artemisinin and 

ACTs also work well against Plasmodium vivax malaria [Karunajewa et al, 2008, Phan, 

2002, Hamedi, 2004]. When developing an ACT, the partner drugs should ideally be 

structurally unrelated, most slowly eliminated in vivo and should target those parasite 

that are yet to develop resistance. The effectiveness of ACTs might be compromised 

with the use of an inappropriate drug. Therefore the partner drug selections are 

important taking into account of dosage compliance, minimized toxicity, and cheaper 

preclinical evaluation. 

 

2.6 Next-generations antimalaria drug based on ACTs: hybrid drug  
A recent rational approach of antimalarial drug design characterized as 

‘‘covalent biotherapy’’ involves linking two molecules with individual intrinsic activity 

into a single agent, thus packaging dual activity into a single hybrid molecule. Current 

research in this field seems to endorse hybrid molecules as the next-generation 

antimalarial drugs. Some of these hybrid drugs have been demonstrated to be potent 

antimalarial agents, possessing no or minimum toxicity [Benoit-Vical et al., 2007, 

Cosle´dan et al., 2008]. However, so far none of these hybrid antimalarials have 

reached clinical application. 

 

2.6.1 Artemisinin-based hybrid & derivates 

One of the challenges for future malarial chemotherapy is to develop 

compounds that are innovative with respect to the chemical scaffold and molecular 

target [Olliaro and Wells, 2009]. There appear to be unlimited possibilities in which the 

artemisinin pharmacophore can be exploited in covalent biotherapy by linking it to 

other drug pharmacophores. Although the addition of artemisinin derivatives can 

improve the efficacy of certain conventional antimalaria agents in areas where parasites 
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have developed high level of resistance, reintroduction of these conventional drugs in 

ACTs is questionable or controversial. Many approaches to antimalarial drug discovery 

include (a) optimization of therapy with available drugs including developing 

analogues of the existing drugs (b) evaluation of potent agents from natural products 

especially plants, and (c) use of compounds originally developed against other diseases. 

In view of this background and of the reported antimalarial synergism between 

artemisinin/other endoperoxide and quinine, Walsh et al., (2007) synthesized a novel 

covalently linked artemisinin–quinine hybrid in which the vinyl functionality of 

quinine was modified to allow the attachment of dihydroartemisinin. 

 

There is paucity of literature on the structure-optimization and structure–activity 

relationship study of artemisinin-quinine hybrid. But progresses were made in the past 

decade pertaining to the development of anti-parasitic agents based on artemisinin 

derivatives.  There have been a number of approaches to identify new artemisinin 

analogues with superior therapeutic profiles through chemical derivatization at 

positions such as C-10, C-3, C-9 and O-11 [Avery et al., 2002].Similarly structure-

activity relationship study were done in B-quinoline ring of quinine with diverse 

substitutions at the C-5, C-6, C-7, and C-8 positions on antimalarial activity against 

drug-resistant parasite strains [Madrid et al., 2004]. In additional, there are also 

changes to the ring system affect the pKas of the quinoline ring nitrogen and the side-

chain nitrogen, physical parameters such as lipophilicity, sterics, and electro negativity.  

 

2.7 New molecular target with potential for antimalaria drug development 
The complete sequencing of Plasmodium falciparum genome has allowed the 

identification of new molecular targets within the parasite that may be amenable to 

chemotherapeutic intervention. Despite the growing appreciation of the need to target 

additional life cycle stages of parasite development, most of the currently available anti 

malaria drugs and the majority of the drug development activities now underway focus 

on the asexual blood stages of the parasite development [Fidlock et al., 2008, Rosenthal 

et al., 2003].  
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During its erythrocytic growth phase, the parasite degrades most of the host cell 

haemoglobin [Francis et al., 1997] and utilizes the amino acids obtained through this 

mechanism for biosynthesis of its own proteins [Sherman et al., 1970]. The parasite 

also reduces the colloid–osmotic pressure within the host cell to prevent its premature 

lysis [Esposito et al., 2008]. The degradation process that takes place in the food 

vacuole of the parasite, involves a number of Plasmepsins (PMs), enzymes belonging 

to the pepsin family of aspartic proteases [Coombs et al., 2001]. 

 

The P.falciparum genome encodes 10 aspartyl proteases [Bhaumik et al., 2009]. 

Four of these Plasmepsins are located in the food (digestive) vacuole (DV: I, II, IV and 

the histo-aspartic protease) and are involved in the haemoglobin digestion [Banerjee et 

al., 2001]. PM I, II, and IV and HAP encoding genes lie in a cluster on chromosome 

14. The genes span a region of 20 kb, with ~4 kb separating one ORF from the next. 

The predicted coding sequences are 50–79% identical with each other at the amino acid 

level [Bhaumik et al., 2009]. Two homologous aspartic proteases, plasmepsins I and II 

(PM I and II) initiate the degradative process by cleaving the native haemoglobin 

molecule in a highly conserved hinge region. Inhibitors of these proteases kill parasites 

in culture and animal models, suggesting that haemoglobin-degrading proteases are 

valid targets for chemotherapy [Olson et al., 1999, Holland et al., 1993]. 

 

2.8 Histo-aspartic protease of Plasmodium falciparum 
P. falciparum HAP is the most divergent vacuolar plasmepsins with no 

counterpart in other characterized species of Plasmodium [Banerjee et al., 2001]. The 

mature enzyme exhibits 60% overall sequence identity compared to PMII, but only 

39% identity in the active site region [Nezami et al., 2003]. The crystal structures of 

HAP complexed with Pepstatin-A, KNI-10006, and KNI-10395 have been determined 

[Bhaumik et al., 2009]. The active site of HAP contains several significant deviations 

from the pepsin standard. In particular Asp32 which together with Asp215 creates the 

catalytic dyad (help to chelates the nucleophillic water molecule) in classic aspartic 

proteases is replaced by histidine, giving this enzyme its name. In addition, 

substitutions are found in functionally important flexible loop called the flap (residue 

70-83), which changes its conformation upon ligand binding and thus participates in 
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catalysis. This substitution includes the strictly conserved Tyr75 and the highly 

conserved Val/Gly75, which are replaced by Ser and Lys respectively. Unexpectedly 

the active site of the apoenzyme contains a zinc ion tightly bound to Asp215 and His32 

from one monomer and Glu278 A, from other monomer, with the coordination of zinc 

resembling that seen in other metal proteases. [Bhaumik et al., 2009]. 

 

2.8.1 Enzyme kinetics of HAP 

 Molecular modelling has led to various proposed modes of action for HAP. 

Andreeva et al, (2004) suggested that HAP might act like a serine protease with a 

catalytic triad of Ser 37-His 34-Asp 214 and an oxyanion hole formed by Ser 38 and 

Asn 39. Alternatively, Bjelic and Aqvist have proposed that HAP functions through the 

direct participation of only Asp 214 with His 34 providing critical stabilization to the 

reaction [Bjelic et al., 2004]. Using gel filtration chromatography as well as 

sedimentation velocity and equilibrium ultracentrifugation, it was shown that the 

recombinant mtHAP exists in dynamic monomer–dimmer equilibrium with an 

increasing dissociation constant in the presence of CHAPS. Enzymatic activity data 

indicated that HAP was most active as a monomer. The dominant monomeric form 

showed a Km of 2.0 µM and a turnover number, Kcat, of 0.036 s−1 using the internally 

quenched fluorescent synthetic peptide substrate EDANS–CO–CH2–CH2–CO–Ala-

Leu-Glu-Arg-Met-Phe-Leu-Ser-Phe-Pro–Dap–(DABCYL)–OH (2837b) at pH 5.2. 

 

2.8.2 Functional redundancy of aspartic protease in P.falciparum 

          Functional redundancy exists in the functions performed by the DV 

plasmepsins. Knocked out study on DV Plasmepsins I-IV indicates that no single DV 

plasmepsins is essential for P. falciparum intracellular growth [Omara-Opyene et al., 

2004]. Data from Bozdech et al., 2003 and Le Roch et al., 2003, indicate that PfPM1 

and PfPM4 are transcribed early in the asexual cycle and the steady-state level of the 

mRNA falls during the latter half of the cycle, whereas for PfPM2 and PfHAP, the 

amount of transcript present is low in the first half of the cycle and rises prominently in 

the second half. This suggests that perhaps PfPM1 and PfPM4 could complement for 

each other, whereas PfPM2 and HAP could functionally complement as the other pair. 

This finding therefore provides a reasonable explanation for the fact that combination 
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of plasmepsins have been shown to be synergistic in haemoglobin cleavage. It is 

therefore probable that the different plasmepsins have evolved complementary roles in 

haemoglobin degradation that increase overall catalytic efficiency. Nevertheless, it is 

likely that the substantial redundancy in the food vacuole plasmepsins system will limit 

the utility of highly selective agents. Targeting a single plasmepsins is unlikely to result 

in an effective antiparasitic agent unless it fortuitously cross-reacts with multiple 

plasmepsins [Liu et al., 2005] 

 

2.8.3 Inhibitor of Histo-Aspartic Protease 

Regarding inhibition of HAP, only one weakly active inhibitor, KNI-10006 has 

so far been reported while for Plm I and Plm II, a number of very potent inhibitor have 

been synthesized [Bjelic et al, 2004]. KNI-10006 is a peptidomimetic inhibitor with an 

IC50 of 0.69 μM [Nezami et al., 2003] from a series of the so-called KNI compounds. 

The design of this series was based on the concept of substrate transition-state mimicry, 

with the central core made of α-hydroxyl-β-amino acid derivative, allophenylnorstatine, 

which contains a hydroxymethylcarbonyl isostere [Hidaka et al., 2003]. The binding 

mode of KNI-10006 to HAP is drastically different from that of Pepstatin-A, as well as 

from a number of other KNI inhibitors bound to various aspartic proteases. The 

predominant interactions of KNI-10006 are within the flap [Bhaumik et al., 2009]. 

 

HAP activity was completely inhibited by the aspartic protease inhibitor 

Pepstatin A (1 µM) [Banerjee et al., 2002]. HAP apparently has high affinity for 

Pepstatin A, with a Ki value of (81pM) similar to those of other PMs. Pepstatin A is 

bound in extended conformation, with the statine hydroxyl positioned between Asp215 

and His32. However, binding of the C-terminal half of the inhibitor it is oriented 

toward loop 287–292, making extensive interactions with the residues comprising this 

fragment. The flap is closed in the structure of the complex. 

 

KNI-10395 is another potent inhibitor of HAP (99.2% inhibition at 5.0 μM). 

Recently the crystal structure at 2.5 Å resolutions revealed that although the central 

hydroxyl group of the inhibitor is bound close to the active site residues His32 and 

Asp215, it is not positioned directly between them but is hydrogen bonded to Oδ2 of 
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Asp215 via water molecule Wat243, as well as to the main chain carbonyl of Ala34. 

The flap assumes an open conformation, and the side chain of Trp39 is flipped away 

from the flap pocket. The structure of the HAP−KNI-10395 complex also revealed a 

novel mode of dimerisation involving domain swapping, previously not seen in any 

aspartic proteases [Bhaumik et al., 2011]. 

 

2.9 Structure-based virtual screening methods for computer-aided drug 

discovery. 
One of the major challenges in drug discovery is to identify novel compounds 

with biological activity. Computer-aided drug discovery technology has become an 

essential and powerful platform for the discovery of new lead compounds, as an 

alternative from, and complement to experimental approaches. As the number of high 

resolution structures of potential therapeutic targets and small molecules has grown, the 

significance of in silico experimental approaches has become increasingly important as 

demonstrated in recent studies by making use of public data [Cherkasov et  al., 2006, 

Cleves and Jain, 2006, Yoon et al., 2005]. 

 

Virtual high throughput screening (Klebe, 2006, Oprea and Matter, 2004), 

which is a method to rapidly identify biologically active compounds in silico, can be 

roughly divided into two categories, ligand centric and receptor centric. Ligand centric 

methods essentially focus on the comparative analysis of the structural shapes and 

chemical complementarities between compounds and known ligands. Knowledge of the 

experimentally selected active compounds is a prerequisite when using this approach 

[Stahura and Bajorath, 2004]. Receptor centric methods predict the interaction of given 

compounds with a target receptor, and hence they do not require experimental data 

about the structure of the ligand. Molecular docking is one of the key methodologies 

for receptor centric virtual screening. It is a technique for predicting the best binding 

mode for a given compound that fits into a target receptor, and evaluating its binding 

affinity. The docking approach has become a primary technique used in many drug 

discovery programs [Kitchen et al., 2004, Sousa et al., 2006]. 
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Once binding modes of the ligands have been predicted, the choice of method to 

estimate the free energies of binding is, in practice, determined by the number of 

compounds to be analyzed [Gohlke et al., 2002]. Empirical [Bohm, 1994, Eldridge, 

1997] and knowledge-based [Muegge I, 1997, Gohlke et  al., 2000] scoring functions 

estimate the binding affinity from a single structure of the protein-ligand complex and 

can be used to filter out drug candidates from large databases of compounds ( 107). On 

the other hand empirical scoring functions are appealing for their speed, and their 

contributions to the binding free energy, e.g., entropy and solvation, in a very 

approximate fashion.  
 

2.10 Adaptive inhibitor for plasmepsins family 
Drug molecules with the ability to inhibit several members of a protein family 

with high affinity have been termed adaptive drugs [Velazquez-Campoy et al., 2001, 

Nezami et al., 2002]. Adaptive ligand need to be capable of presenting different 

interacting faces to variable regions in the binding site, a property that can be achieved 

by the presence of asymmetric functional groups and flexible elements [Velazquez-

Campoy and Freire, 2001, Velazquez-Campoy et al.,2001a,b]. The amino acid are 

conserved across the malaria strain, but not in human aspartic proteases, suggesting that 

novel and selective antimalaria drug can be developed that can be better utilized these 

structural differences and may even allow the assembly of ‘adaptive’ drug molecule 

that have the ability to inhibit several members of a protein family at the same time. 

This has been realized to some extent in the systems described by Nezami et al., (2003) 

who using computer modelling and docking techniques were able to rationalize the 

actual binding energies of a set of allophenylnorstatine based compound towards the 

four PM proteins. 

 

2.11 Conclusion 
 The review points out that artemisinin based hybrid compound are the next 

generation anti malarial drug. Such drug can act as the last line of defense against multi 

drug resistant malaria parasite. In this connection experimental study have already 

revealed that dihydroartemisinin-quinine hybrid possess the superior anti malaria 

activity than the individual components. Such finding paves the way for investigating 
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the detail aspect of the molecular interaction of such hybrid drug with its target 

ferriprotoporphyrin-IX derived from hemoglobin digestion. The review also revealed 

that there is paucity of information about the possible molecular interaction of 

artemisinin based hybrid antimalarial with plasmepsins. Hence an in silico attempt can 

be made to study the binding affinity of the hybrid compound with the functionally 

redundant plasmepsins family of enzyme. Such attempt may lead to experimental 

verification and possible design of an adaptive inhibitor that can be of immense help in 

malaria prophylaxis.        

 

.     
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3.1 Introduction              

 Malaria is a blood borne disease. The major function of the food vacuole of 

P.falciparum is to degrade the host red cell haemoglobin sequestered through the 

cytostome machinery and provide amino acid which is essential to the survival of the 

intra eryhrocytic malaria parasite. Massive degradation of haemoglobin also leads to 

generation of a large quantity of haeme that is toxic to parasite, promoting membrane 

damage due to its peroxidative property. In particular; Fe (III) PPIX produced by 

autoxidation of haeme released from haemoglobin is known to be capable of causing 

lipid peroxidation [Egan, 2006] and to destabilize membranes through a colloid 

osmotic mechanism. The most important pathway of haeme detoxication in 

P.falciparum is the formation of haemozoin pigment. 
 

3.2 Haemozoin: unique crystalline drug target 
 Haemozoin is produced as an end product of haeme released during the 

digestion of host haemoglobin by the malaria parasite and is believed to be a 

detoxification pathway in the parasite. Haemozoin is now known to be a crystalline 

cyclic dimmer of Fe (III) PPIX in which the propionate group of one porphyrin moiety 

coordinates to the Fe (III) centre of its partner and vice versa, while the second 

propionic acid group of each Fe (III) PPIX hydrogen bonds to a neighbouring dimer in 

the crystal [Egan, 2008]. The particular type of porphyrin found in the haemoglobin is 

called proto-porphyrin and it contains iron in the central part of the haeme molecule. It 

is called Iron protoporphyrin Fe (III) PPIX. So Fe-PPIX drug receptor of hybrid 

molecule instead of haeme comprising with haemoglobin. 

                                                    
                                Fig.3.1. 2D structure of Fe (III) PPIX  
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3.3 Artemisinin based combination therapy 
   The widely used quinoline drugs chloroquine, quinine, and mefloquine, as well 

as amodiaquine and the nonquinoline drugs such as halofantrine are known to act 

against the blood stages of the infection by inhibiting the inclusion of Fe (III) PPIX into 

haemozoin, resulting in a build-up of toxic Fe (III) PPIX [Egan, 2008, Warhurst et al., 

2003] and artemisinin cause a similar effect by reacting with haeme (Fe II-

protoporphyrin IX) to give free radicals and adducts [Meshnick et al., 1993]. The 

artemisinin are the most effective antimalarial drugs with a remarkable therapeutic 

index. But with the prevalence of multidrug resistant (MDRs) Plasmodium falciparum 

parasite in south East Asia; lead to change in the treatment policy of World Health 

Organisation in 2006. Since then the WHO has advocated a policy of Artemisnin-based 

combination therapy (ACTs) for treating P.falciparum [Cui & Su, 2009]. The rationale 

for this combination is that the artemisinin derivative rapidly clears 95% of the 

parasites and the remaining 5% are cleared by the longer half-life partner drug and thus 

minimizes the risk of recrudescence.  

 

3.4 Hybrid antimalaria drug 
    The combination of two separate pharmacological agents into a single molecule 

is an emerging strategy within medicinal chemistry and drug discovery. Paucity of 

promising novel antimalarial drugs under development and a fear of loss of the 

artemisinin to resistance, in malaria drug combination therapy, the current trend are to 

co-formulate two or more agents into a single tablet, termed as multicomponent drug 

[Morphy & Rankovic, 2005]. However, based on the wide interest in the hybrid 

molecules as well as numerous encouraging efficacy and toxicity reports, the next 

generation of antimalarial may as well be hybrid drugs as opposed to multicomponent 

ones. There are numerous advantages of employing hybrid molecules over 

multicomponet drugs in malaria therapy. Compared to the latter, hybrid drugs may be 

less expensive since, in principle, the risks and costs involved may not be different 

from any other single entity. Another advantage is that of the lower risk of drug–drug 

adverse interactions compared to multicomponent drugs [Muregi & Ishih, 2010]. 
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3.5 Artemisinin-quinine hybrid- a novel and potent antimalaria drug  
       Quinine from Peruvian Cinchona trees provided the lead for the discovery and 

development of synthetic aminoquinolines [Warhurst et al., 2003]. Likewise, the 

discovery of artemisinin from the Chinese herb Artemisia annua has served as a 

template for development of semi-synthetic artemisinin including artesunate and 

artemether, which are being used extensively in ACT against drug-resistant malaria 

[Cui & Su, 2000].In view of this background and of the reported antimalarial synergism 

between artemisinin/other endoperoxide and quinine, a novel covalently linked 

artemisinin–quinine hybrid structure was synthesized in which the vinyl functionality 

of quinine was modified to allow for the attachment of dihydroartemisinin [Walsh et 

al., 2007]. The rationale behind the design was to address the fact that artemisinin are 

lipophilic, fast-acting but quickly eliminated drugs. They are also associated with high 

rates of recrudescence when used in monotherapy [Walsh & Bell, 2009]. It was 

suggested that coupling of the slow-acting, polar quinine derivative might increase the 

half-life of the artemisinin moiety. Current research in this field seems to endorse 

hybrid molecules as the next-generation antimalarial drugs [Muregi & Ishih, 2010]. 
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                               Fig. 3.2 Dihydroartemisinin-quinine hybrid  
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3.6 In-vitro drug resistance of P.falciparum to Art-Qui-OH 
         Drug resistance refers to the tolerance of pathogen/parasite to inhibitory action 

of antimalaria compound. The drug sensitivity pattern among the malaria parasites 

changed from time to time and place to place depending on the extent of usage of drug. 

The drug resistance value of dihydroartemisinin-quinine hybrid compound has been 

presented below in comparison to artemisinin alone, quinine alone and a 1:1 mixture of 

artemisinin-quinine in the chloroquine resistant strain FcB1 [Walsh et al., 2007]  

(Table 3.1) 

 

 Table.3.1 In vitro drug resistance IC50(R) of P.falciparum to Art-Qui-OH   

Compound                      FcB1 (48 hrs)                                 FcB1 (72 hrs) 

                        Conc. nM    Population (Final/Initial)   % of resistance Conc. nM     Population (Final/Initial)         % of resistance 

Quinine 96.8 74.5/126    59.12     75.3   59.0/76.1    60.25       

Artemisinin    50.0     43.7/57.3    76.26        55.0          39/77.4      60.23 

Art-Qui-OH  9.59      7.06/13    54.30       10.2      4.73/21.9    33.85 

Quin+Art      27.9    26.5/29.5 89.80      26.3    24.7/56.28   43.8   

 

3.6.1 Resistance index 

          The resistance index (RI) of Artemisinin,Quinine and Artemisnin-Quinine hybrid 

were calculated  as  IC50 nM of drug against CQ-R parasite/IC50 nM drug against CQ-S 

parasite [Kouznetsova et. al., 2009]. 

 

Table 3.2. Resistance index value of Quinine,Artemisinin & Art-Qui-OH 

           

 The Resistance Index (RI) of the drug was estimated to be 0.98 in comparison 

to 1.02 and 1.20 for quinine and artemisinin respectively. CQ-resistant parasites 

accumulate CQ in their acidic food vacuoles much less efficiently than CQ-sensitive 

Compound   IC50 nM   (72 hrs) 

           3D7 

IC50 nM  (72 hrs) 

       FcB1 

Resistance Index 

Art-Qui-OH            10.4         10.2           0.98 

Quinine           73.5         75.3          1.02 

Artemisinin            45.5         55.0          1.20 
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strains, suggesting that drug resistance results mainly from exclusion of the drug from 

the site of action rather than an alteration in the CQ target [Kouznetsova et al., 2009]. 

The low value of drug resistance index as well as % of resistance leads to the 

suggestion that the hybrid is potent against multi drug resistant (MDR) parasite.  

 

3.7 Artemisinin-quinine hybrid derivatives 
  In the design of Artemisnin-Quinine hybrid derivatives there are many 

physicochemical factors that need to be considered regardless of whether the molecular 

design under evaluation is targeting a single event or multiple biochemical events. The 

greatest design challenge to overcome when constructing hybrid molecules is for the 

ultimate design to fall within the appropriate number of hydrogen bond donor and 

acceptor sites, solubility characteristics and molecular weight to attain drug-like 

properties [Veber et al., 2002, Lipinski et al., 2001]. 

The following physiochemical parameters were calculated for Artemisnin-Quinine 

hybrid structure from commercial ACD software for Windows (Toronto, CANADA). 

 

1. Molecular weight=622.74 g/mol 

2. logP=5.57 

3. pk1=9.11 

4. pk2= 4.77 

5. logD(7.4)= 3.85 

6. logD(5.2)= 1.52 

7. logD(4.8)= 0.97 

8. VAR(Vacuolar accumulation ratio)= 213.79 

9. LAR(Lipid accumulation ratio)= 7079.458 

10. % of ionization with PH 7.4 and pK1=98.04 

 

In the design of Artemisinin-Quinine hybrid and its analogous the following 

physiochemical parameters were taken into consideration.  
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3.7.1 Log P (partition coefficient) 

The entry of a basic drug through lipid membranes and its distribution into the 

aqueous compartments of an infected erythrocyte is determined by lipid–water partition 

coefficient (expressed as log P) interacting with pH through the ionization constant(s) 

(pKa) of the basic centre(s) of the drug. The logP value of Artemisnin-Quinine-OH 

hybrid is estimated to be 5.57. In view of background; the logP value is set to be in the 

range of 4.5-6.10 [Warhurst et al., 2007]. 

 

3.7.2 Molecular weight 

The molecular weight of the hybrid molecule is estimated to be 622.74 g/mol. 

So the molecular weight kept below 650 g/mol to enhance the membrane permeability 

[Orrling et al., 2009] 

                 

3.7.3 H-bond donor and acceptor 

In designing inhibitor with reference to hydrogen bond donor and acceptor we 

have refereed to ‘Lipinski rule of 5’ which state that hydrogen bond donor and 

acceptor should not be more than 5  and 10 respectively [Lipinski et al., 2001] 

 

3.8 Automated docking and Prime-MM/GBSA energy scoring 
The mechanism of action of any drug is very important in drug development. 

Generally, the drug compound binds with a specific target, a receptor, to mediate its 

effects. Therefore, suitable drug–receptor interactions are required for high activity. 

Understanding the nature of these interactions is very significant and theoretical 

calculations, in particular the molecular docking method, seem to be a proper tool for 

gaining such understanding. The docking results obtained will give information on how 

the chemical structure of the drug should be modified to achieve suitable interactions. 

Hence, this could bring about the development of new and more effective drugs. Thus, 

all possible configurations between Ferriprotoporphyrin-IX and artemisinin-quinine 

hybrid derivatives were explored by automated docking calculations to eliminate the 

bias in selecting preferred configurations (orientations).For the docked ligand the pose 

with the lowest Glide score was rescored using Prime/MM-GBSA approach. This 

approach is used to predict the free energy of binding for set of ligands to receptor. 
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3.9 Materials and Methods 
3.9.1 Receptor preparation 

Studies on the mode of action of artemisinin and its derivatives have shown that 

free haeme (Figure 3.2) could be the molecule targeted by artemisinin in biological 

systems and Fe ions interact with the peroxide when artemisinin react with haeme [Cheng 

et al., 2002, Jeffords, 2001, Wu et al., 1998, Meshnick, 2002, Haynes et al.,2004]. 

Similarity spectrophotometric study revealed that quinine and related antimalaria drug 

interacts with haemin (Ferriprotoporphyrin-IX) [Warhurst, 1981].   

                                                                                                                           

          
             

                    Fig.3.3. The structures of the haeme compound: Fe (II) PPIX 

        

Studies on the mode of action of artemisinin and its derivatives have shown that 

free haeme could be the molecule targeted by artemisinin in biological systems. 

Similarly spectrophotometric study revealed that quinine and related antimalaria drugs 

interact with Ferriprotoporphyrin-IX. 

 

So the X-ray structure of halofantrine-Ferriprotoporphyrin-IX (CCDC_659633) 

from the Cambridge Crystallographic Data Centre is used as initial structure in the 

preparation receptor binding site. Ferriprotoporphyrin-IX is a planar molecule with a 

strong positive charge on its central iron atom (Figure 3.3). After removal of 

halofantrine structure, the charge on the iron was assigned as +2 but the structure was 

kept the same. Hydrogen’s were added to the model automatically via the Maestro 
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interface leaving no lone pair and using an explicit all-atom model. The multi-step 

Schrödinger’s protein preparation tool (PPrep) was used for final preparation of 

receptor model. The complex structure was energy minimised using the OPLS-2005 

force field and the conjugate gradient algorithm, keeping all atoms except hydrogen 

fixed. The minimisation was stopped either after 1000 steps or after the energy gradient 

converged below 0.01 KJ/mol. 

 

3.9.2 Virtual library design 

 The virtual library of artemisinin-quinine analogues contains 34 compounds 

divided into nine sub libraries. All these compounds are taken from various sources 

belonging to different derivatives of artemisinin and auinine [Woolfrey et al., 1998, 

Acton et al., 1993, Lin et al,. 1989, Posner et al., 1992, Avery et al., 1995, Avery et al., 

1996, Madrid et al., 2005].These molecules were rationally designed as functional 

mimics of natural artemisinin and quinine with the goal of simplifying the chemical 

synthesis and improving the antimalarial activity. 

 

Sublib-I - Dihydroartemisnin-Quinine Hybrid-This library consists of only of one 

ligand. The structure is designed experimentally in which the vinyl functionality of 

quinine was modified to allow for the attachment of dihydroartemisinin.   

 

Sublib-II - Artemisinin-Quinine Hybrid - This library consists of five ligands which are 

designed by attachment of Quinine moiety to the Artemisinin molecule at O-14.  

 

Sublib-III- C9 Artemisinin-Quinine Hybrid- This library consists of two ligands in 

which the C9 substituted Artemisinin entity is attached to Quinine at O-14 position. 

 

Sublib-IV- C3 Artemisinin-Quinine Hybrid- C3 substituted artemisinin derivatives are 

attached to Quinine moiety and two hybrids are present in this sub library. 

 

Sublib-V- C10 Artemisinin-Quinine Hybrid- This library consist of five ligands in 

which the C10 carbon atom of artemisinin is modified and quinine molecule is attached 

to it at C9 carbon atom. 
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Sublib-VI- Seco Artemisinin-Quinine Hybrid-This library is having three ligands (16-

18) with logP in the range from 5.22 to 5.79.The quinine molecule is attached to the 

seco artemisinin entity at C9 carbon atom. 

 

Sublib-VII- Miscellaneous Artemisinin-Quinine Hybrid- This library consists of four 

ligand in which various substitution in different carbon atom of artemisinin molecule 

are attached to the quinine entity. 

 

Sublib-IX- Quinoline-Artemisinin Hybrid- Quinoline-artemisinin sub library is having 

twelve ligands in which the various substitutions at quinoline ring of the quinine 

molecule is attached to artemisinin phramacophore. 

 

We used ISIS Draw 2.3 software for sketching structure and converting it its 3D 

representation by using Chem Sketch 3D viewer of ACDLABS 12.0. LigPrep was used 

for final preparation of ligands from libraries for docking. LigPrep   is a utility of 

Schrodinger software suit that combines tools for generating 3D structures from 1D 

(Smiles) and 2D (SDF) representation, searching for tatutomers and steric isomers and 

perform a geometry minimization of ligands.  

 

3.9.3 Docking procedure 

 The mechanism of action of any drug is very important in drug development. 

Generally, the drug compound binds with a specific target, a receptor, to mediate its 

effects. Therefore, suitable drug–receptor interactions are required for high activity. 

Understanding the nature of these interactions is very significant and theoretical 

calculations, in particular the molecular docking method, seem to be a proper tool for 

gaining such understanding. The docking results obtained will give information on how 

the chemical structure of the drug should be modified to achieve of new and more 

effective drugs. 

 

The Schrodinger Glide program version 4.0 has been used for docking. After 

ensuring that receptor and ligand are in the correct form for docking, the receptor-grid 

file was generated using a grid-receptor generation program. The default size was used 
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for the bounding and enclosing boxes. The grid box was generated at the centroid of the 

haeme. The ligands were docked initially using the ‘standard precision’ method. The 

best 10 poses and corresponding scores have been evaluated using Glide in single 

precision mode (Glide SP) .The pose with the lowest Glide SP score has been taken as 

the input for the Glide calculation in extra precision mode (Glide XP).  

 

For each ligand, the pose with the lowest Glide score was rescored using 

Prime/MM-GBSA approach. The docked poses were minimized using the local 

optimization feature in Prime and the energies of complex were calculated using the 

OPLS-AA force field and generalized-Born/surface area (GB/SA) continuum solvent 

model. The binding free energy (∆G bind) is then estimated using equation:  

 

          ∆G bind = E R: L – (ER+EL) +∆G solv+ ∆GSA           (1) 

 

Where E R: L is energy of the complex, ER+EL is sum of the energies of the 

ligand and unliganded receptor, using the OPLS-AA force field, ∆G solv (∆G SA) is the 

difference between GBSA solvation energy (surface area energy) of complex and sum 

of the corresponding energies for the ligand and unliganded protein. Corrections for 

entropic changes were not applied in this type of free energy calculation. 

 
3.10 Results  
 

3.10.1 Docking of artemisinin-quinine hybrid derivatives 

 To better understand the mechanism of interaction and antimalarial activity of 

Art-Qui-OH & its structural derivatives, computer-aided docking procedures were 

performed between the drug and its putative receptor to identifying new analogues that 

have a similar mechanism of action yet superior activity. The XP score of the 

experimental structure; dihydroartemisinin-quinine compound is -7.485 kcal/mol. Out 

of 34 derivatives; seven ligands among the library; two from C3-Artemisinin-Quinine 

hybrid, three from C10-Artemisnin-Quinine hybrid and two from Miscellaneous 

Artemisinin-Quinine hybrid have more negative Glide score with values from -7.600 to 

-8.913 kcal/mol. [Table 3.3(a-h)].   
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Table 3.3(a): Dihydroartemisinin-quinine hybrid 
 
Sl. 
No 

          Structure   LogP Molecular   
Weight(g/mol)

             XP Score 
            (Kcal/mol) 

1. 

O

O

O

O

O

O

N
HO

N

CH3

CH3

O
H3C

H3C

H

H H

  5.57        622.68                         -7.485             

 
Table 3.3(b): Artemisinin-quinine hybrid derivatives 
 
Sl. 
No
. 

Structure  LogP  Molecular   
Weight(g/mol)

XP Score 
(Kcal/mol) 

2. 
 
 
 
 
 
 
 
 
 
 
 
 

O

O

O

O

O

O

N
HO

N

CH3

CH3

O
H3C

H3C

H

 

    5.57        622.78                        -6.802            
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3. 

O

O

O

O

CH3

O

O

N
HO

N

O

H

H

H3C

H3C

 

  5.08     608.72
  

               -6.914            

4. 

O

O

O

O

O

O

N
HO

N

O

H

C2H5

H3C

CH3

H3C

 

 6.10            636.77                        -6.950    

5. 

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C

C2H5

 

  6.10             636.77                            -6.932                   
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6. 

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C

CH2

 

 5.75     620.73                           -7.241              

 
 
Table 3.3(c): C9 Artemisinin-quinine hybrid derivatives 
 
 
Sl. 
No Structure LogP Molecular   

Weight(g/mol) 
XP Score 

(Kcal/mol) 
7. 
 

  

O

O

O

O

O

O

N
HO

N

CH3

O

H

H3C

O
H3C

 
 

  5.18          622.70                 -5.310              

8. 

O

O

O

O

O

O

N
HO

N

H3C

CH3

O
H3C

O
H

H

  4.92           636.73                    -5.450             
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Table 3.3(d): C3 Artemisinin-quinine hybrid derivatives 
 
 
Sl. 
No.  Structure  LogP  Molecular   

Weight(g/mol) 
XP Score 

(Kcal/mol)
9. 

O

O
H

O

O

O

O

N
HO

N

CH3

H

H

O
H3C

H3C

       5.08                  608.72               -7.673           

10. 

O

O
H

O

O

O

O

N
HO

N

CH3

H

H

O
H3C

C2H5

         5.61                 622.74                -7.620           

 
Table 3.3(e): C10 Artemisinin-quinine hybrid derivatives   

Sl. 
No. Structure LogP Molecular   

Weight(g/mol) 

XP Score 
(Kcal/mol)

 
11
. 

N

O

HO
N

H3C
O

O

O

O

CH3

OH

H

H3C

 

5.58     608.76          -7.722       
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12
. 

N

O

HO
N

H3C
O

O

O

O

CH3

C3H6OH

H

H3C

 

5.86      650.00           -7.815     

13
. 

N

O

HO
N

H3C
O

O

O

O

CH3

OH

OH

 

5.36      610.73          - 6.277     

14
. 

N

O

HO
N

H3C
O

O

O

O

CH3

CH2CHF2

H

 

5.93      642.77          -7.622      

15
. 

N

O

HO
N

H3C
O

O

O

O

CH3

OEt

OH

 

6.08     638.79          -6.283       
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Table 3.3(f): Seco-artemisinin-quinine hybrid derivatives 
 

Sl. 
No. Structure LogP Molecular   

Weight(g/mol) 
XP  Score 
(Kcal/mol) 

16. 

O

H

O
O

O

O

O

N

N

HO

O
H3C

H

H3C
H3C

       5.79              610.73              -7.070          

17. 

O

CH3

O
O

O
H3C

H3C

O

O

N

N

HO

O
H3C

CH3

      5.71      610.73           -5.586       

18. 

O

H

O
O

O
H3C

H3C

O

O

N

N

HO

O
H3C

CH3

     5.22              596.71                 -6.914       
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Table 3.3(g): Miscellaneous Artemisinin-quinine hybrid derivatives 
 
Sl. 
No. Structure LogP Molecular   

Weight(g/mol) 
XP Score 

(Kcal/mol)
19. 

   

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C

CH3

    5.98      620.73              -7.600      

20. 

O

O

O

O

O

O

N
HO

N

CH3

O

H3C

O
H3C

    5.18      622.70              -6.768       

21. 

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C O

CH3

    4.56      636.73                  ‐8.913        
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Sl. 
No. Structure LogP Molecular   

Weight(g/mol) 
XP Score 

(Kcal/mol)
22. 

O

O

H
CH3

H3C

OH

H
O

N

HO
N

  5.02         537.70            -6.671   

 
 
 
Table 3.3(h):Artemisinin-quinoline hybrid derivatives 
  

Sl. 
No. Structure LogP Molecular   

Weight(g/mol) 
XP  Score 
(Kcal/mol) 

23. 

O

O
H

O

O

H

O

O

N
HO

N

O

H

CH3

H3C

CH3

CH3

        5.57      622.74                -5.83           

 24. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

CH3

H3C

H3C

       5.94         606.74                    -7.02       
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25. 

O

O
H

O

O

H

O

O

N
HO

N

H
CH3

H3C

CH3

CH3

      5.94    
 
 
           

    606.74             -7.30 

26. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

F

F

      5.89    
 
         

      628.70              -5.79    

27. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

CN

       5.06  
 
   

     617.73                  -6.64        
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28. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

S
H3C

       5.97    
 
 
           

        638.83              -6.77        

29. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

F

F

      5.70  
 
 
   

    628.70             -6.56      

30. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

H3C

     5.94  
 
 
           

     606.74               -6.69   
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31. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

CN

4.79 
 

      617.73              -6.53 

32. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

S
H3C

5.97         638.81           -6.58         

33. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

Cl

5.73        627.16             -6.54    
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34. 

O

O
H

O

O

O

O

N
HO

N

CH3

F

H3C

CH3

H

5.90 
 

      610.71           -6.54 

    
 For each of the seven ligands, the pose with the lowest Glide score was rescored 

using Prime/MM-GBSA approach. The ∆Gbind energies among these ligands vary in 

between -49.00 to -32.35 kcal/mol. The calculated relative binding energy (ΔΔG bind-

cald) of the ligands was also obtained by using Art-Qui-OH as reference. The drop in 

calculated relative binding energy of the ligand provides a favourable energetic 

evaluation of the binding affinity. Interaction of Art-Qui-OH and its derivatives with Fe 

(II) PPIX (Iron (II)) involves binding between the endoperoxide bridges (O1 and O2) 

bridge of the hybrid to the front of the iron bridge of protoporphyrin-IX shown in 

(Figure 3.2), therefore, distances between haeme iron and two peroxide oxygen’s; O1, 

O2 as well as O11 and O13 and ∆Gbind of these derivatives were monitored (Table 3.4 

& Table 3.5). 
 

Table 3.4 G Score & ∆G bind energy of Art-Qui-OH and its derivatives with Fe (II) PPIX 

 
Ligand G Score ∆G bind ΔΔG bind-cald Fe-O1 (Å) Fe-O2 (Å) Fe-O13 (Å) Fe-O11 (Å) 
 
1 -7.485 -32.35  0.00 3.273 2.817   5.149 5.071 
19 -7.600 -34.38        -2.03      3.298 2.853         5.214         4.934 
10      -7.620 -36.57      -4.22   3.282    2.825      5.172     4.951 
14      -7.622         -37.43 -5.08         3.330 2.731     4.998           4.772 
9        -7.673         -41.30     -8.95   3.281         2.817     5.125      4.867 
11      -7.722         -42.48        -10.13    6.487        6.176     5.235     3.812 
12      -7.815         -44.11        -11.76      3.276         2.833     5.083         4.639 
21     - 8.913         -49.00        -16.65    3.317         2.817     5.120    4.786 
 
All the energy parameters are expressed in kcal/mol 
ΔΔG bind-cald=  ∆G bind-ligand- ∆Gbind-Art-Qui-OH     
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                Fig3.2 Representative docking Fe-(O1-O2) interaction of hybrid Art-Qui-OH 
   

Table 3.5(a) Dihydroartemisnin-quinine hybrid 

 

Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

 

      1                 3.273                    2.817                    5.149                            5.071 

                                

Table 3.5(b) Artemisinin-quinine hybrid derivatives 

 

 Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

 

       2                3.409                    2.824                    5.040                            6.435                                  

       3                3.282                    2.888                    5.279                            5.514 

       4                3.455                    2.852                    5.126                            6.554 

       5    3.317                    2.817                    5.120     4.786   

       6                4.104        3.791            6.091   5.456 
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Table 3.5(c) C9 Artemisinin-quinine hybrid derivatives 

 

 Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

      7                 3.291                    3.237                    4.268                             5.102 

      8                 5.343                    4.793                    6.719                             4.902 

 

Table 3.5 (d) C3 Artemisinin-quinine hybrid derivatives 

 

 Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

 

     9               3.281                      2.817                    5.125                              4.867 

    10              3.282                      2.825                    5.172                              4.951 

                           

Table 3.5 (e) C10 Artemisinin-quinine hybrid derivatives 

 

Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

      

      11               6.487        6.176           5.325                            3.812   

      12               3.276                   2.833                    5.083                            4.639 

      13               6.721       6.458           5.842                            3.860 

      14               3.330                   2.731                    4.998                            4.772 

      15               5.321                   4.495                    3.486                            3.223 

                           

                         

Table 3.5 (f) Seco-artemisinin-quinine hybrid derivatives 

 

Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

     16                 3.309                    3.282                    5.569                            5.789 

     17                 3.234                    3.458                    5.603                            5.533 

     18                 3.358                    2.952                    5.292                            5.733 
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Table 3.5 (g) Miscellaneous artemisinin-quinine hybrid derivatives 

 

Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

    19                 3.298                    2.853                    5.214                            4.934 

    20                 3.317                    2.817                    5.120                            4.786 

    21                 3.323                    3.208                    5.482                            4.704 

    22                 4.283          3.265            3.793                            4.014 

                                                        

Table 3.5 (h) Artemisinin-quinoline hybrid derivatives 

 

Ligands     Fe-O1distance (Å)    Fe-O2 distance (Å)   Fe-O13distance (Å)   Fe-O11 distance (Å) 

 

   23              3.405        2.820             5.401    6.444 

   24              3.401                    2.825                    5.406               6.435 

   25   3.390        3.085            5.329    6.541 

   26                 3.294                   3.115                    5.488     5.553  

   27              3.440                   2.847                    5.111       6.527 

   28                  3.399        2.818            5.056     6.443   

   29                  3.460        3.086                    5.336                             6.579   

   30                  3.312                    2.817                5.043                             6.439 

   31              3.406                    2.822                    5.041                             6.439 

   32                  3.367                    2.924                    5.307                             5.528 

   33                  3.399                    2.830                    5.062                             6.451 

   34                  3.405                    2.819                    5.044                             6.436  

 

3.11 Discussion  
3.11.1 Interaction mechanism of artemisinin-quinine hybrid  

Earlier reports [Walsh et al., 2007, Walsh and Bell, 2009]  have revealed that P. 

falciparum 3D7 strain growth was inhibited by much lower concentrations of the 

hybrid than of quinine or artemisinin alone, suggesting that the actions of both quinine 

and artemisinin moieties were preserved. Similar results were obtained with the 

chloroquine-resistant strain FcB1.  
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Seven novel ligands were identified with a favourable glide score (XP score) & binding 

free energy (ΔG) with reference to the experimental structure from a data set of thirty 

four hybrid derivatives. In any binding energy calculation, the correct binding structure 

of each ligand has to be determined first prior to binding energy estimation. Excluding 

only one structure from C10 artemisinin-quinine hybrid; in other docking configuration 

suggested that artemisinin moiety of the hybrid prefers to dock at endoperoxide 

oxygen’s (O1 and O2), with O2–Fe as the shortest haeme–artemisinin distance and O1–

Fe as the second shortest. Configuration of dihydroartemisinin-quinine hybrid had the 

peroxide oxygen O1 and O2 close to the Ferriprotoporphyrin-IX iron (3.273 Å & 2.817 

Å) with O11 and O13 further removed (5.071 Å & 5.149 Å) (Figure 3.2) with a ∆Gbind  

value of -32.35 kcal/mol. Configuration of ligand 9 and 10 of C3-Artemisnin-Quinine 

hybrid series were almost identical. In both the cases O1 (3.281 and 3.282 Å) and O2 

(2.817 and 2.825 Å) were closest, with other oxygen being further away: O11 (4.867 

and 4.951 Å) and O13 (5.125 and 5.172 Å). Table 3.2 summarizes the results. 

Interesting configuration of ligand 11 of C10 Artemisnin-Quinine hybrid; the binding 

with the endoperoxide moiety of artemisinin is in a different configuration, and a 

stronger O11–Fe attraction is resulted (3.812 Å) than O1, O2 and O13 (6.487 Å, 6.176 

Å and 5.325 Å) with a G score of -7.722 kcal/mol. The relative binding energy (ΔΔG 

bind-cald) of the ligand is calculated to be -10.13 kcal/mol. The possible explanation of 

such deviation may be explained based on the stereochemistry of artemisinin 

analogues, a mechanism that is controlled by steric hindrance. The analogues which 

approach the haeme-iron as close as possible will have better interaction and thus the 

good glide score. However, owing to the planar structure of the Ferriprotoporphyrin-

IX, the repulsion between artemisinin and the protoporphyrin ring prevents artemisinin 

from approaching haeme-iron. Ligand 12 and 14 of this group produce final orientation 

with a relative binding energy ΔΔG bind-cald of -11.76 kcal/mol & -5.08 kcal/mol. Both the 

configuration involved interaction with the peroxide-derived oxygen with the Fe atom 

of protoporphyrin-IX. In the most favourable configuration between 

Ferriprotoporphyrin-IX and miscellaneous artemisinin-quinine hybrid with Gscore of -

8.913 kcal/mol (the lowest), the O1-Fe & O2-Fe distance are 3.317 and 2.817 Å 

respectively. This structure has the lowest (∆G bind) score of -49.00 kcal/mol. From the 

docking simulation study it is revealed that the structure as well as orientation of 



54 
 

artemisinin-quinine hybrid with respect to haeme has a significant effect on drug 

action. It could then be concluded that iron in haeme interacts with O2 more preferably 

than O1, a preference which might arise from the more negative charge at O2 and the 

steric hindrance at O1. This observation is in agreement with docking results reported 

by Shukla et al., (1995) 

        

           Artemisinin-quinine hybrid molecule is novel due to its modified structure and 

has potent anti malaria activities with presence of artemisinin consisting of endo 

peroxide bridge. Studies suggested that the antimalarial activity of artemisinin is due to 

the interaction of its peroxide group with the prosthetic haeme group of human 

haemoglobin. Reduction of the peroxide group may lead to cytotoxic free radicals and 

electrophilic intermediates, which may be able to react with specific malaria membrane 

associated proteins, leading to the parasite’s death. Moreover, artemisinin could inhibit 

haemoglobin degradation, haeme polymerization, and interact with haemozoin, 

resulting in the split of the malarial pigment. As shown by Walsh et al., their hybrid 

was highly active in vitro against the strains of P. falciparum 3D7 (with IC50 value 8.95 

nM) and Chloroquine resistant strain P.falciparum FcB1 (IC50 value 9.59 nM).The 

reported results demonstrate a proof of concept for the linkage of artemisinin and 

quinine in a single molecule retains and possibly enhances the antimalarial activity of 

the parent compounds. It is likely that the hybrid can interact with haeme or its 

oxidation product haematin as a common target since these are both present in the 

eryhrocytic parasite.       

 

3.12 The role of quinine 
 This novel artemisinin-quinine hybrid is active on the young eryhrocytic stages 

of P. falciparum with the presence of artemisinin derivatives, whereas quinine is active 

on the late stages. Presence of quinine entity in the hybrid structure helps to increase 

the potency of drug and enhanced the cellular uptake and simultaneously increase half 

life period of drug. 
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3.13 Biological significance  

 There is no doubt about the potent and novel anti malarial activity of the hybrid 

molecules. The next major steps, therefore, is to experimentally analyze the antimalaria 

activity by determining the IC50 value of Art-Qui-OH by BHIA (β-haematin inhibitory 

assay). Though the analogues ranged from poor to good binding affinity; the structures 

are not yet synthesized molecule. The information that we have obtained in this study 

may lead to the design and hopefully (synthesis) of more potent hybrid derivatives with 

receptor as haematin. 

 

3.14 Conclusion 
From the result, it can be concluded that the structure of artemisinin-quinine 

hybrid has a significant effect on the docking configuration. All the docking 

calculations indicate O2-Fe as the shortest haeme-artemisinin distance and O1-Fe as the 

second shortest. The steric hindrance at the Fe position plays an important role in the 

binding. The docking result revealed that the haeme-iron approaches the endoperoxide 

moiety at the O2 position in preference to the O1 position. Several sets of artemisinin 

analogues were studied in the docking simulations. The study conclusively indicates 

that magnitude of the binding affinity can be a key factor that decides the activeness of 

an individual inhibitor. In this chapter we propose a model for the binding mode and 

binding affinity of Art-Qui-OH and its derivatives with a putative receptor. This model 

will be of immense help for the rational design of new artemisinin based hybrid anti-

malarial that can target the haemozoin formation. 

 

 

 

 



 

 

Chapter-4 
 

Molecular modeling and determination binding mode and relative 
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56 
 

4.1 Introduction 
            Plasmodium falciparum ingests and degrades up to 75% of the host cell 

haemoglobin during its intraerythrocytic stage [Loria, 1996].This is a massive catabolic 

process that takes place inside an acidic food vacuole and involves a pathway of 

proteolytic enzymes [Goldberg, 2005] both in vitro and in vivo, called Plasmepsins 

(PMs).These enzymes belonging to the pepsin family of aspartic proteases [Banerjee et 

al., 2002, Coombs et al., 2001]. The malaria genome project has revealed that there are 

10 Plasmepsins in the P. falciparum genome [Shenai et al., 2000]. Four of them, PM I 

and II, Histoaspartic protease (HAP, known previously as PM III), and PM IV reside in 

the food vacuole and can degrade haemoglobin or globin [Sijwali et al., 2001] The four 

plasmepsins are highly homologous to each other, sharing more than 60% amino acid 

identity [Bhaumik et al., 2011]. HAP is unique in that it has a histidine in place of the 

first canonical aspartic acid [Bhaumik et al., 2009] but is an active protease that may 

function by an aspartic [Bjelic et al., 2004] or serine protease mechanism [Andreeva et 

al., 2004]. 

 

4.2 Histo-aspartic Protease (HAP) of P.falciparum as a drug target 
           P. falciparum HAP is the most divergent vacuolar Plasmepsins [Banerjee et al., 

2002] with no counterpart in other characterized species of Plasmodium. The unique 

properties of HAP make it an especially attractive protein for the development of novel 

antimalarial drugs. 

 

The unique features of HAP are as follows 

(i) HAP is novel due to its unique structure of active site (39% identity with Plm 

II) with several significant deviations from the pepsin standard. In particular, 

Asp32, which together with Asp215 creates the catalytic dyad in classic aspartic 

proteases, is replaced by a histidine, giving this enzyme its name, Histo-

aspartic protease. 

(ii) In the apoenzyme crystal HAP forms a tight dimmer not seen in any aspartic 

protease I, II and IV. 
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(iii)  A zinc ion present in the active site is tetrahedrally coordinated by His32 and 

Asp215 from one molecule, Glu278A located in the intruding loop of the other 

molecule and by a water molecule. 

(iv) The presence of water molecule in active site helps to form hydrogen bond in 

the interaction of enzyme substrate catalysis in mechanism of action of HAP. 

(v) Substitution are found in the functionality important flexible loop called the 

“flap” (residues 70-83) which changes its conformation upon ligand binding 

and thus participate in catalysis. 

(vi) The structure of the HAP−KNI-10395 complex crystals indicates the presence 

of a domain-swapped dimer. The type of domain swapping reported here has 

not been seen in any other plasmepsins, or indeed in any other aspartic 

proteases. 

 

4.3 HAP enzyme classification 
According to International Union of Biochemistry (IUB), the present system of 

classification of enzyme is based on reaction specificity. Accordingly the EC number of 

Plasmepsins III (HAP) is 3.4.23.23B. Recombinant HAP enzyme structure has 328 

amino acid residues. To identify the position of amino acid in the structure pepsin 

numbering has been followed. 

 

4.4 Substrate specificity of the enzyme 
            The recombinant HAP enzyme reacts on haemoglobin which is represented as 

fluorescent synthetic peptide substrate  EDANS-CO-CH2-CH2-CH2-CO-Ala-Leu-Glu-

Arg-Met-Phe-Leu-Ser-Phe-Pro-Dap-(DABCYL)-OH(2837b) with a cleavage site of 

Phe-Leu at PH 5.2.[Xiao et al., 2010] The flexible pentapeptide substrate; Met-Phe-

Leu-Ser-Phe (corresponding to residues 32-36 of human haemoglobin α-chain) binds 

into the surface of  HAP enzyme. This fragment is located in the region joining two α 

helices. Upon haemoglobin dissociation, 32-36 fragments is exposed into solution and 

become available to the proteolytic enzyme. 
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4.5 Structural feature of HAP enzyme 
       The recombinant HAP protease structure contains 328 amino acid residues. The 

crystal structure of HAP apoenzyme was found to make a tight dimer involving very 

close contacts of the C-terminal domains, whereas the N-terminal domains are pointing 

away from each other [Bhaumik P et al., 2009]. Because of formation of the dimer, the 

C-terminal helix (residues 225–235) and the loop (residues 238–245) are displaced 

from their position usually seen in pepsin-like aspartic proteases. As a result of 

formation of this tight dimer, the loop consisting of residues 276–283 of the second 

molecule is inserted into the putative active site of the first molecule. An unusual 

feature found in the crystals of unliganded HAP is the presence of a zinc ion in the 

active site of each monomer, interacting with His32 and Asp215. Two hydrophobic 

residues, Ile279A and Phe279B, from the same loop are packed inside a hydrophobic 

pocket formed by Phe109A, Ile80, Met104, Ile107, and Val120 of the first monomer. 

Four additional Zn ions are found on the surface of the HAP dimmer. Two of them are 

located in equivalent positions in each monomer and are coordinated to His204 and 

Asp202. The third Zn ion interacts with Asp 114 and His 193 of monomer A and water 

molecule, and the fourth one is coordinated by Glu54 and Glu57 of monomer A and by 

Glu57. It is unlikely that these additional Zn ions play any role in the mechanism of 

catalysis by HAP. Salt bridge formed at the interface between the monomeric forms is 

the major driving force for the formation of dimmer mediated by basic and acidic 

amino acid residues since the amino acid com position of HAP is rich in lysine, 

arginine, glutamic acid and aspartic acid, which accounts of 22.6% of the total amino 

acid (328aa). 

 

4.5.1 Flap region of HAP enzyme 

           The most essential difference is noticed in flap region of HAP enzyme in 

compare to other three plasmepsins. The major peculiarity of HAP enzyme is the 

presence of free space under the flap which was formed due to replacement of bulk Try 

77 by Ser 77 residue. The flap is closed in the structure of the Pepstatin-A complex, 

whereas it is open in the complex with KNI-10006. The flap pocket is predominantly 

hydrophobic in PMs and other aspartic proteases. However, an insertion of Phe109A in 

HAP and PMII or Leu109A in PMIV changes the architecture of this pocket and makes 
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it even more hydrophobic in PMs. Two hydrophobic residues Ile279A and Phe279B are 

packed inside a hydrophobic pocket. Another important residue, located at the entrance 

to the flap pocket, is Phe111 in HAP, substituted by threonine in PMII and by leucine 

in PMIV. These differences between PMs may bear on their specific ligand 

preferences. The conformation of the inserted residue changes in the complexes with 

different ligand in order to optimize the interactions with the moieties inserted in the 

pocket. The change, upon ligand binding, of the flap conformation from open to close 

is accompanied by a dramatic change in the conformation of Trp39 [P. Bhaumik et al, 

2009].The flap is mobile structural element of all aspartic protease. The flap movement 

involves not only changes of the ‘up and down’ position but also shift from the flap 

plane due to alternation of torsion angles of the residues at the loop “root” [Popov et 

al., 2008]. 

 

4.6 Substitution in recombinant HAP enzyme 

        The Plm-II is the first crystal structure development by x-ray crystallographic method 

in the plasmepsins family. The recombinant HAP enzyme structure was found out in latter 

stage incorporated with substitutions both in active and flap regions. The difference in 

amino acid sequence of Plm-II and HAP potentially important for catalysis is presented in 

Table 4.1     

 

Table 4.1 Comparison of active site of Plasmepsins II and HAP 
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4.7 HAP enzyme active site 
        The active site of HAP is located in a large cleft formed by the N- and C-terminal 
domains of the protein. Whereas the overall architecture of the active site is preserved, 
a crucial difference in HAP is the replacement of the canonical aspartate from the N-
terminal domain by His32. The other functionally important substitutions are found in 
the flap area, where the commonly conserved Tyr75 and Val/Gly76 residues are 
replaced in HAP by Ser and Lys, respectively. The two active sites in the dimeric 
apoenzyme are practically identical. Each of them contains a Zn ion bound to side 
chains that belong to both molecules of the dimmer. The Zn ion is tetrahedrally 
coordinated by the side chains of His32 and Asp215 from one HAP monomer, 
Glu278A from the other monomer, and a water molecule. The presence of Zn2+ cation 
in the HAP active site has disrupted the conserved catalytically important hydrogen 
bond between the side chains of Asp215 and Thr218. His32 is hydrogen bonded to the 
side chain of Ser35 which interacts with Trp39 via a water molecule.Glu278A is 

located in the loop consisting of residues 274–285, which is inserted into the partner 

active site, leading to the observed opening of the flap. Since the flap is in an open 
position in the apoenzyme, Ser75 and Lys76 are far away from the active site.  
                

                                       
Fig: 4.1 Active site of recombinant HAP 
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      4.8 HAP enzyme activity         
The theoretical molecular mass of mature mtHAP monomer is 37.4 kDa. The 

experimental study of monomer-dimer equilibrium of recombinant HAP enzyme from 

enzyme-substrate reaction study shows that the recombinant HAP enzyme is more 

active as monomer. The HAP enzyme exists on dynamic monomer-dimer equilibrium 

at enzyme concentration 0.05mg/ml at PH 5.2. It was found from experiment that HAP 

easily formed a dimer or higher oligomeric form in concentration greater than 0.05 

mg/ml while dimerisation results in loss of activity. Dimer formation may results in 

loss of enzyme activity due to the pronounced conformational changes in flap and loop 

regions, after formation of dimer, which also found in the structure of apoenzyme. 

 

         In order to determine the rates of substrate hydrolysis by mtHAP as a function of 

total enzyme, varying concentrations  (0.05µM, 0.1µM, 0.2µM, 0.4µM, 0.8µM, 1.6µM, 

3.2µM, 4.8µM and 6.4µM) of purified mtHAP were used in combination with 12µM of 

substrate [2837b] at pH 5.2 (100mM sodium acetate) at 25◦C. The dominant monomer 

form of recombinant HAP enzyme showed a Km value 2µM and turnover number, Kcat 

of 0.036 s−1. The Km gives the measurement of affinity of enzyme and substrate. A low 

Km value indicates strong affinity between enzyme and substrate [Xiao et al., 2010].  

 

4.8.1 Role of pH in enzyme activity         

          HAP isolated from Plasmodium, the native HAP from food vacuole of malaria 

pathogen exhibits it maximum activity at PH (5.5-6.0) while the recombinant HAP 

enzyme is most active at pH5.2.The extent to which the flap opens at neutral PH, 

allowed the bulkier substrate to diffuse into the active site and provide best ‘enzyme-

substrate fit’ for the specific substrate. In the acidic pH, there is a decrease opening of 

flap, thereby accommodating more substrate. It was suggested that a conformation 

changes in enzyme might lead to the increase activity.    
     

    4.9 Catalytic mechanism of HAP enzyme 
The available structural & biochemical data do not provide an unambiguous 

answer about the exact nature of the catalytic mechanism of this unusual enzyme. The 
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unique nature of active site of HAP led to difficulties in elucidating its catalytic 

mechanism. Two different hypothesis have been developed (a) HAP is a serine protease 

with a catalytic triad of His 34, Ser 37 and Asp 215 [Andreeva et al., 2010] or (b) HAP 

is a novel protease with Asp214 acting as both the acid and the base during substrate 

catalysis with His34 providing critical stabilization [Bjelic et al., 2004]. The recent 

structural study of HAP enzyme the hypothesis (a) is disproved. So the second 

hypothesis of catalytic mechanism proposed by Bjelic S et al., now is in vogue with the 

Asp 215 and His 32 which is only stabilized in reaction pathway through a strong 

interaction with the developing positive charge, because its position is not optimal for 

functioning as either an acid or base catalyst.    

 

    4.9.1. Role of histidine in protonation for functionality of HAP 

          The enzymes require appropriate protonation of catalytic residues for optimal 

activity. In HAP, at pH optimum near 6, the active site histidine may function in the 

protonated state and acts as general acid, if its pKa remains 6-7, the pKa range of free 

histidine. Alternatively the pKa of histidine may be lower in the micro environment of 

active site, causing histidine to be unprotonated at a general base near pH 6. A precedent 

exists for aspartic acid being sufficient for catalysis. Activity in basic pH range would 

also suggest that positive charge on histidine is not critical for HAP functionality because 

the residues would likely be neutral at PH 8.0, given that free histidine has free pKa of 

6.5.So the neutral state of histidine would, therefore, not be able to contribute a positive 

charge to substrate catalysis. So the mechanism takes place by aspartic acid residue with 

the substrate in presence of histidine, which only strengthens the catalytic action. 

 

   4.10 HAP enzyme inhibitor 
The unique properties of HAP make it an especially attractive protein to target 

for antimalarial drug development. HAP apparently has high affinity for aspartic 

protease inhibitor Pepstatin-A [Banerjee et al., 2002].  
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               Fig.4.2 (a) 2D structure of Pepstatin-A 

 

KNI compounds are peptidomimetic inhibitors containing flexible and 

asymmetric functional groups are proposed to be high affinity inhibitors of vacuolar 

Plasmepsins [Hidaka et al, 2003]. Many KNI compounds utilize a common molecular 

scaffold containing an allophenylnorstatine moiety followed by a thioproline ring. 

From the KNI series; KNI-10006 is the only one weakly active compound so far been 

reported as an inhibitor of HAP [Bjelic et al., 2004]. KNI-10395 of this class is also a 

potent inhibitor of HAP [Bhaumik et  al., 2011]. 
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Fig.4.2 (b) 2D structure of KNI-10006 

 

     4.10.1 HAP-Pepstatin-A complex 

HAP binds Pepstatin-A with a very high binding affinity (Ki=81pM). The 

binding mode of Pepstatin-A in HAP lies in an extended conformation, with the statine 

hydroxyl positioned between Asp215 and His32. However, binding of the C-terminal 

half of the inhibitor is distinctly different from that found in complexes with PMs and 

other pepsin-like proteases. The flap is closed in the structure of the complex. 

 



64 
 

4.10.2 HAP - KNI-10006 complex 

KNI-10006 is a peptidomimetic inhibitor designed based on the on the concept 

of “substrate transition-state mimicry” with the central core made of 

allophenylnorstatine. KNI-10006 is a potent inhibitor of HAP with an IC50 of 0.69 μM. 

The binding mode of KNI-10006 to HAP is drastically different from that of Pepstatin 

A. The predominant interactions of KNI-10006 are with the flap, and this inhibitor does 

not make any contact either with loop 287–292 or with several other hydrophobic 

residues [Bhaumik et al, 2009]. 

 

4.10.3 HAP-KNI-10395 complex      

The structure of the HAP−KNI-10395 complex was determined at 2.5 Å 

resolutions. The mode of binding of KNI-10395 in these sites is similar but differs 

substantially from the way in which other peptidomimetic inhibitors bind to aspartic 

proteases. The conformation of the inhibitor is considerably deformed, with the main 

chain turning back on itself, creating a U-shaped structure. This structure is internally 

stabilized by two hydrogen bonds, one between the peptide amino group of the 2-

aminoindanol moiety and the peptide carbonyl of the methylthioalanine and the other 

between the peptide amino group of the methylthioalanine and the hydroxyl group of 

the 2-aminoindanol moiety. The inhibitor is bound to the enzyme by 25 hydrogen 

bonds, either direct or through water molecules [Bhaumik et al., 2011]. 

 

4.11 Urgency of new antimalarial 
Ideally, new drugs for uncomplicated P. falciparum malaria should be 

efficacious against drug-resistant strains, provide cure within a reasonable time (ideally 

three days or less) to ensure good compliance, be safe, be suitable for small children 

and pregnant women, have appropriate formulations for oral use and above all be 

affordable. Most antimalarial drugs that are now in use were not developed on the basis 

of rationally identified targets, but following the serendipitous identification of the 

antimalarial activity of natural products (for example, quinine and artemisinin). 

Alternatively, targets can be selected from enzymes or pathways that are present in the 

malaria parasite but absent from humans. 
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Older approaches to target validation include the demonstration that an inhibitor 

has potent antimalarial activity. This approach is limited, however, by the fact that it is 

often difficult to determine whether an inhibitor of a particular plasmodial target is 

exerting its antimalarial activity specifically by the predicted mechanism of action. This 

problem is partially solved by the repeated demonstration of antiparasitic activity of 

different inhibitors of a particular target, by the identification of very potent (generally 

low-nanomolar) activity. 

 

4.12 The need for drug combination 

There is a growing consensus that drug combinations are essential for the 

optimal control of malaria in developing countries. Combinations potentially offer a 

number of important advantages over monotherapy. First, they should provide 

improved efficacy. Appropriately chosen combinations must be at least additive in 

potency, and might provide synergistic activity. Second, drug combinations increase 

the likelihood that, in the setting of drug resistance, at least one agent will be clinically 

active. Third and probably most important drug combination should reduce the 

selection of antimalarial drug resistance. 

 

4.13 Hybrid antimalaria drug: Art-Qui-OH  
        Art-Qui-OH (Fig.4.2) is a novel and potent anti malarial compound with an IC50 

value of 8.95 nM and 9.59 nM after 48 hrs of incubation for chloroquine sensitive and 

resistant strain [Walsh et al, 2007]. Experimental reports revealed that there is paucity 

of information about the possible molecular interaction of artemisinin based hybrid 

antimalarial with plasmepsins [David A Fidock et al., 2004]. Additionally artemisinin-

quinine hybrid compound has higher half life than its lipophilic, fast-acting artemisinin 

entity with the coupling of the slow-acting, polar quinine derivative.So as a proof-of-

concept we conceptualize to evaluate in silico the binding mode and relative binding 

affinity of Art-Qui-OH with the Histo-Aspartic Protease (HAP) of P.falciparum. The 

reason of choosing HAP as the drug target is that, HAP is the most divergent vacuolar 

plasmepsins, with no counterpart in other characterized species of Plasmodium 

[Bahumik P et al., 2011].  
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Fig.4.2(c) Dihydroartemisinin-quinine hybrid 

 

4.14 Materials and Methods 
4.14.1 Preparation of protein 

The 3-D structure of HAP with two inhibitor Pepstatin-A (PDB ID: 3FNT) and 

KNI-100006 (PDB ID: 3FNU) have been used as receptor binding site. The presence of 

Zn ion and H20 molecule along with His32, Glu 278A and Asp 215 residue in the 

active site claimed a unique and novel active site in compare to other classical 

Plasmepsins. The structure of recombinant HAP from malaria-causing parasite 

P.falciparum as an apoenzyme (3FNS) forms a tight dimmer not seen previously in any 

aspartic protease. Hydrogen atoms were added to the model using Maestro interface 

(version 8.5; Schrodinger LLC, New York) based on an explicit all atom model. Final 

preparation of was done using the multi step Schrodinger’s protein preparation tool 

(PPrep) followed by energy minimization using OPLS 2005 force field with Polak–

Ribiere Conjugate Gradient (PRCG) algorithm. 

 

4.14.2 Ligand preparation 

         The two dimensional structure of artemisnin-quinine hybrid was collected from 

published data [Walsh et al., 2007]. ISIS Draw 2.3 software has been used for 

sketching structure and converting it its 3D representation by using ChemSketch 3D 

viewer of ACDLABS 12.0. LigPrep was used for final preparation of ligands for 

docking. LigPrep is a utility of Schrodinger software suit that combines tools for 

generating 3D structures from 1D (Smiles) and 2D (SDF) representation, searching for 
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tatutomers and steric isomers and perform a geometry minimization of ligand. Ligprep 

utility produces a number of structures from each input structure with various 

ionization states, tautomers, stereochemistry, and ring conformations. The program 

automatically generated all possible stereoisomer’s (default value of 32 was used) for 

each ligand. Furthermore, a unique low-energy ring conformation for each stereoisomer 

with correct chirality was generated with the help of Ligprep. All structures were 

subsequently subjected to molecular mechanics energy minimization using Macro 

Model with a convergence threshold of 0.05 and maximum iteration 500. These 

geometrically optimized structures were used for Glide (grid-based ligand docking with 

energetics) docking. 

 

4.14.3 Molecular docking of artemisinin-quinine hybrid to HAP  

          All docking calculations were performed using the “Extra Precision” (XP) 

mode of Glide docking (version 4.5, Schrodinger Inc.) with the 2005 implementation of 

the OPLS-AA force field. Briefly, Glide approximates a systematic search of positions, 

orientations, and conformations of the ligand in the receptor binding site using a series 

of hierarchical filters. The shape and properties of the receptor are represented on a grid 

by several different sets of fields that provide progressively more accurate scoring of 

the ligand pose. The binding site is defined in terms of two concentric cubes: the 

bounding box, which must contain the mass centre of any acceptable ligand pose, and 

the enclosing box, which must contain all the atoms of a ligand pose for successful 

docking into the binding site. Glide also performed conformational searches for each 

input structure during docking process. A set of initial ligand conformations is 

generated through exhaustive search of the torsional minima and the conformers are 

clustered in a combinatorial fashion. Each cluster, characterised by a common 

conformation of the core and an exhaustive set of side-chain conformations, is docked 

as a single object in the first stage. The search begins with a rough positioning and 

scoring phase that significantly narrows the search space and reduces the number of 

poses to be further considered to a few hundred. These selected poses are energy 

minimized on pre computed OPLS-AA van der Waals and electrostatic grids for the 

receptor. In the final stage, the 5–10 lowest-energy poses obtained in this fashion are 

subjected to a Monte Carlo sampling in which nearby torsional minima are examined, 
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and the orientation of peripheral groups of the ligand is refined. The minimized poses 

are then rescored using the Glide Score function. 

  

        In this work the bounding box of size 10 Å×10 ×10 Å  was defined Histo-

Aspartic Protease and centred on the mass centre of the crystallographic KNI-10006 

and Pepstatin-A to confine the mass centre of the docked ligand. The larger enclosing 

box with an edge length of 10 Å was also defined (which occupied all the atoms of the 

docked poses) in terms of the co-crystallized ligand. The scale factor of 0.4 for van der 

Waals radii was applied to atoms of protein with absolute partial charges less than or 

equal to 0.25. Five thousand poses per ligand were generated during the initial phase of 

the docking calculation, out of which best 1000 poses per ligand were chosen for 

energy minimization. Energy minimization protocol included dielectric constant of 4.0 

and 1000 steps of conjugate gradient minimizations. Upon completion of each docking 

calculation, 100 poses per ligand were generated and the best docked structure was 

chosen using a Glide Score (Gscore) function. Glide Score is a more sophisticated 

version of Chem Score with force field-based components and additional terms 

accounting for solvation and repulsive interactions.  

 

4.14.4 Post-scoring with MM-GB/SA 

The artemisinin-quinine hybrid, KNI-10006 and Pepstain-A that have been pre 

positioned with Histo-Aspartic Protease from Glide docking have been used to study 

the association of these ligands with the receptor using the automated mechanism of 

multi-ligand bimolecular association with energetic (Prime/MM-GBSA version 9.0; 

Schrodinger, LLC, New York).  

 

        For each ligand, the pose with the lowest Glide score was rescored using 

Prime/MM-GBSA approach. This approach is used to predict the free energy of 

binding for set of ligands to receptor. The docked poses were minimized using the local 

optimization feature in Prime and the energies of complex were calculated using the 

OPLS-AA force field and generalized-Born/surface area (GB/SA) continuum solvent 

model. The binding free energy (∆G bind) is then estimated using equation: 

       ∆G bind = E R: L – (ER+EL) +∆G solv+ ∆GSA 
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      Where ER: L is energy of the complex, ER+EL is sum of the energies of the ligand 

and unliganded receptor, using the OPLS-AA force field, ∆G solv (∆G SA) is the 

difference between GBSA solvation energy (surface area energy) of complex and sum 

of the corresponding energies for the ligand and unliganded protein. 

 

4.15 Result  
4.15.1 Calculation of experimental binding energy (∆Gbind exp) 

The binding energy has been calculated with the following empirical 

formula. 

∆Gbind exp = 2.303 RT log Ki where R=0.001986 kcal/mol & T=298 K 

HAP-KNI10006 complex with Ki=0.028 nM* 

*The Ki value of KNI-10006 against HAP was calculated as 0.028 nM; (Ki of 

PlmII/Ki of HAP) is 17.7 (Ki for Plm II=0.5 nM) 

∆Gbind exp = 2.303×0.001986×298 × log (0.028×10-9) 

∆Gbind exp = -14.38 kcal/mol. 

HAP-Pepstain-A complex with Ki= 0.081nM  

The Ki value of Pepstatin-A against HAP was calculated from the kinetic 

parameter as 81pM (0.081 nM). 

So with the above empirical formula; ∆Gexp =   -13.75 kcal/mol 

 

4.15.2 Calculation of calculated binding energy (∆Gbind
 cald.) 

All docking calculations were performed using extra precision (XP) mode 

of Glide docking version 4.5 Schrödinger Inc with implementation OPLS-AA 

force field. 
 

Table 4.2 ∆Gscore for Pepstatin-A, KNI-10006 and Art-Qui-OH hybrid 

Receptor Ligand Glide Score (G score) Glide energy Glide Emodel ∆Gscore    

HAP KNI-10006 -8.777 -40.436 0.000 1.317 

HAP            Pepstatin-A    -8.758                    -19.222                0.000                1.298                

HAP         Art-Qui-OH          -7.460                     -32.824                   -44.216            _              

  ∆Gscore =Gscore-Art-Qui-OH − Gscore-Pepstain-A/KNI-10006 
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Table 4.3 ∆Gexp
bind & ∆Gcalc

bind for Pepstatin-A, KNI-10006 and Art-Qui-OH hybrid  

Receptor     Ligand            ∆Gexp
bind 

a          ∆Gcalc
bind      ΔΔG bind-cald (kcal/mol)                     

HAP KNI-10006     -14.38 b -14.10    3.44 

HAP           Pepstatin-A       -13.75 c                   -13.09                 2.43         

HAP          Art-Qui-OH               _                  -10.66                       _ 

             All the energy parameters are expressed in kcal/mol  

               ΔΔG bind-cald = ∆Gcalc
bind- Art-Qui-OH - ∆Gcalc

bind- Pepstatin-A/KNI-10006        
a    ∆Gbind exp is calculated using the relationship ∆Gbind 

exp = 2.303 RT log Ki 
b   Value from Ref [Nezami et al, 2003] 
c    Value from Ref [Banerjee et al, 2002] 

 

 
Fig.4.3 Overlapped docking poses of Pepstatin-A, KNI-10006 and Art-Qui-OH 
obtained from Glide docking in the active site of Histo-Aspartic Protease. (Magenta= 
Art-Qui-OH, Cyan=KNI-10006, Silver=Pepstatin-A) 
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Fig.4.4 Overlapped docking poses of Pepstatin-A, and Art-Qui-OH obtained from 
Glide docking in the active site of Histo-Aspartic Protease (Magenta=Art-Qui-OH, 
Silver= Pepstatin-A) 
 

 
Fig.4.5 Overlapped docking poses of KNI-10006, and Art-Qui-OH obtained from Glide 

docking in the active site of Histo-Aspartic Protease (Magenta= Art-Qui-OH, 

Silver=KNI-10006) 
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Fig. 4.6 Illustrates the position of central hydroxyl group of Pepstatin-A from the His32 

and Asp215 of HAP structure. 

 

 
        Fig. 4.7 Illustrates the H-bond interaction of His32 and O11 atom of Art-Qui-OH 
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4.15.3 Validation of the docking method by reproducing the crystallized HAP-

KNI10006 and HAP-Pepstatin-A complex 

         The original crystal structure of HAP-Pepstain-A complex (PDB ID: 3FNT) & 

HAP-KNI-10006(PDB ID: 3FNU) complex were used to validate the Glide-XP 

docking protocol. This was done by moving the crystallized ligand outside of active 

site and then docking it back into the active site. The top 6 configurations after docking 

were taken into consideration to validate the result. The root mean square deviation 

(RMSD) for each configuration in comparison to the co-crystal of KNI-10006 was 

0.000-1.384 Å.  Whereas the RMSD value calculated from Pepstatin-A of each 

configuration was 0.000-1.248 Å. This revealed that the docked configurations have 

similar binding positions and orientations within the binding site and are similar to the 

crystal structure. The best docked structures, which are the configurations with the 

lowest Gscore, were compared with the crystal structure as shown in the table .These 

docking results illustrate that the best docked KNI-10006 and Pepstatin-A complex 

agrees well with its crystal structure.  

 

Table 4.4 The RMSD and docking score from the docking simulation of 6 lowest 

configurations of co-crystal Pepstatin-A with Histo-Aspartic Protease (3FNT) 

 

                   Configuration      Glide Score       ∆G Score a         RMSD b (Å) 

                              1                  -8.758                   0                     1.132 

                              2                  -8.405                 0.35                  0.000 

                              3                  -8.369                 0.38                  1.217 

                              4                  -7.970                 0.78                  0.000 

                              5                  -7.922                 0.83                  1.112 

                              6                  -7.773                 0.9                    1.248 

 

a ∆G Score= E i - E lowest 
                  b RMSD, RMSD between docked and co-crystal structure Pepstatin-A 
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Table 4.5 The RMSD and docking score from the docking simulation of 6 lowest 

configurations of co-crystal KNI-10006 with Histo-Aspartic Protease (3FNU) 

  

                    Configuration    Glide Score       ∆G Score a         RMSD b (Å) 

                             1                          -8.777                   0                        1.384 

                             2                          -8.527                 0.25                     0.000 

                             3                          -8.079                 0.69                     0.433 

                             4                          -7.956                 0.82                     1.304 

                             5                          -7.917                 0.86                     0.589 

                             6                          -7.383                 1.39                     0.000 

 
            a ∆G Score= E i - E lowest 

           b RMSD, RMSD between docked and co-crystal structure KNI-10006 

 
 4.15.4 Calculation of Ki value 

The Ki value of Art-Qui-OH complex with HAP enzyme has been 

calculated as follows. 

∆Gcalc
bind = 2.303 RT log (Ki) 

Log Ki=∆Gcalc
bind /2.303RT 

           = -10.66 /2.303* 0.001986*298 

           = - 7.821 

Ki= antilog (-7.821) = 15.10 nM 

 

4.16. Discussion 
4.16.1 Glide docking and rescoring using MM-GB/SA of ligands 

Molecular docking methods are widely used by academic institutes and 

pharmaceutical industries to study drug-target interactions in order to understand the 

basic electronic/steric features required for therapeutic action and to design new drug 

candidates with improved activities. These docking calculations provide insight into 
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interactions of ligands with amino acids in the binding pocket of a target and to predict 

the corresponding binding affinities of ligands [Krovat et al., 2005]. Table 4.2 presents 

the Glide XP docking results of KNI-10006, Pepstatin-A, and Art-Qui-OH. Their Glide 

score values range from -7.397 to -8.777 kcal/mol. The relative docking scores (∆Gscore) 

of Art-Qui-OH with reference to HAP-Pepstatin A complex is 1.29 kcal/mole where as 

it is estimated to be 1.38 kcal/mol HAP-KNI-10006 complex (Table 4.2). These results 

demonstrate that binding mode of Art-Qui-OH resembles to Pepstatin-A in compare to 

KNI-10006 in HAP active site (Fig.4.3). Although more computationally demanding, 

the MM-GB/SA scoring generally yields far superior correlations with experimentally 

scoring functions [Bernacki et al., 2005, Huang et al., 2006, Lyne et al., 2006]. The 

docked complexes were rescored with MM-GB/SA and the relative binding energy 

(ΔΔGbind-cald) of Art-Qui-OH was calculated using Pepstatin-A and KNI-10006 as 

reference. The binding mode of KNI-10006 is drastically different from the Pepstain-A 

binding in HAP binding site. The predominant interactions of KNI-10006 are within 

the flap; the flap is closed in the structure of the Pepstatin-A complex, whereas it is 

open in the complex with KNI-10006. The drop in calculated relative binding energy 

(ΔΔG bind-cald) for Art-Qui-OH revealed strong binding (2.43 kcal/mol); with a similar 

conformation to Pepstatin-A binding (Fig.4.4) in compare to KNI-10006 conformation 

(Fig.4.5) having a ΔΔG bind-cald value of 3.44 kcal/mol (Table 4.3). From the binding 

energy, the Ki value of the hybrid compound is calculated to be 10.15nM.  

 

4.16.2 Inhibitor (Art-Qui-OH) binding to HAP 

Pepstatin-A was noted to bind in an extended conformation, with the statine 

hydroxyl positioned between Asp215 and His32 (Fig.4.6). The binding mode of 

Pepstatin-A in the active site of HAP indicates that Asp215 and His32 are very likely 

involved in the catalytic reaction. The KNI-10006 inhibitor predominantly interacts 

within the enzyme in the flap area. Unlike KNI-10006, the mode of binding of Art-Qui-

OH hybrid drastically different and the hybrid interacts in the active site of the enzyme  

with O11 atom of Artemisinin moiety forming H-bond with His32 (Fig.4.7). The O11 

atom of Artemisinin and His 32 Nε2 H-bond distance is 2.085 Å (Fig.4.8). The H-bond 

distance is less than the H-bond diatance (3.036 Å) formed between statine hydroxyl 

group and His32 residue (Fig.4.6) in the active site of HAP. This revealed a strong 
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binding affinity between ligand and binding site residue.  No interaction has been 

observed in the binding pose of Art-Qui-OH with the functionally important flexible 

loop called the “flap” (residue 70-83), which changes its conformation upon ligand 

binding. The replacement of Asp by a His residue in the enzyme active site and some 

other replacements indicate the possibility of a catalytic mechanism differing from that 

of aspartic proteases. However, up to now, there are no available data on HAP 

specificity, which could confirm its catalytic activity. Experimental study revealed the 

stabilizing role of His 32 residue in the substrate catalytic reaction of HAP enzyme. 

Bjelic and Aquist (2008) have suggested that the positive charge on His32 provides a 

critical stabilization (by a factor of ~10, 000) to the water/hydroxide nucleophile as 

well as developing negative charge on the substrate during catalysis. There is also 

supportive evidence that mutation of His 32 to alanine disrupt a hydrogen bonding 

network that is critical for proper positioning of the Asp 215 residue [Parr et al., 2008]. 

On the basis of recent crystal structure of HAP-KNI-10395 complex (3QVI) it has also 

been postulated that His32 might be directly involved in providing the electrophillic 

component for the catalytic mechanism [Bhumik P et al., 2011].  

 

4.17 Conclusion 

The in vitro experimental result of artemisinin-quinine hybrid against Plasmodium 

falciparum at IC50(s) and IC50(R) were 8.95nM (48hrs) and 10.4nM (72hrs) respectively. 

The study further revealed the corresponding drug resistance value as 9.59 nM (48 hrs) 

and 10.2nM (72 hrs) respectively. Thus it was conclusively proved that artemisinin-

quinine hybrid can act as a potent inhibitor against multi drug resistant malaria parasite. 

The study as outlined in the chapter, also provides three lines of evidences about the 

antimalarial activity of Art-Qui-OH, which can be summarized as (1) Art-Qui-OH 

binds near the Pepstatin-A binding site of Histo-Aspartic Protease (HAP) (ii) The 

relative binding affinity (ΔΔG bind-cald) of Art-Qui-OH  is 2.43 kcal/mol against 

Pepstatin-A in compare to ΔΔG bind-cald value of 3.44 kcal/mol against KNI-10006 (iii) 

The Ki value of the compound is computed to be 10.15nM. 
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5.1 Introduction 
With regard to the enzymology of haemoglobin degradation in P.falciparum, 

two families of proteases play prominent roles. Four aspartic proteases called 

plasmepsins and three cysteine proteases called falcipains are found in the food vacuole 

[Sijwali et al., 2001]. All of them are capable of degrading haemoglobin or globin in 

biochemical assays using recombinant enzyme, although their order of action is unclear 

[Rosenthal et al., 2001]. Inhibitors of aspartic and cysteine proteases kill parasites in 

culture and animal models, although their specificity is not strict [Bailly et al., 1992]. 

Knockouts of Plasmepsins individually or in combination (Plasmepsins IV/I double 

knockout) give parasites with only slightly impaired growth [Liu et al., 2005, Omara-

Opyene et al., 2004] and a falcipain-2 knockout shows normal growth [Sijwali et al., 

2004]. The effect of aspartic protease inhibitors is potentiated when combined with 

cysteine protease inhibitors or used in falcipain-2 knockout parasites [Sijwali et al., 

2004]. Therefore the evidence suggests that there is overlap in and between the food 

vacuole proteolytic families; their relative roles remain unclear.  

 

5.2 Functional redundancy of vacuolar plasmepsins  
Data from Bozdech et al., (2003) and Le Roch et al., (2003) indicate that 

PfPM1 and PfPM4 are transcribed early in the asexual cycle and the steady-state level 

of the mRNA falls during the latter half of the cycle, whereas for PfPM2 and PfHAP, 

the amount of transcript present is low in the first half of the cycle and rises 

prominently in the second half. This suggests that perhaps PfPM1 and PfPM4 could 

complement for each other, whereas PfPM2 and HAP could functionally complement 

as the other pair. 

 

5.3 Adaptive inhibitor for plasmepsins family 
Drug molecules with the ability to inhibit several members of a protein family 

with high affinity have been termed adaptive drugs [Velazquez-Campoy et al., 2001, 

Nezami et al., 2002].Usually, one member of the family is considered the primary 

target (e.g., the wild type, the most abundant, the most active, etc.). Rational anti-

Plasmepsins drug design strategies therefore must be revised to include approaches to 

identify compounds capable of inhibiting at least two if not all four of these enzymes, 
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without toxicity to the host. The practicality of this approach requires that the primary 

target and the remaining members of the family share a common three-dimensional 

structure and a high degree of sequence similarity within the binding cavity. 

 

      The sequences of the plasmepsins are 60-70% identical [Banerjee et al., 2001] 

and they have similar tertiary structures. The two adaptive inhibitor so far been 

reported to inhibit Plasmepsins are the general aspartic protease inhibitor Pepstatin-A 

and the allophenylnorstatine bases inhibitor KNI-10006 [Banerjee et al, 2001, Hidaka  

et al., 2003] 

 

5.4 Plasmepsins II as a drug target 
Two aspartic proteases of P. falciparum have been implicated in the initial steps 

of the haemoglobin degradation process [Francis et al., 1994, Gluzman et al., 1994, 

Dame et al., 1994]. The first protease, Plasmepsins I (Plm I), appears to make a 

strategic initial cleavage that presumably leads to an unravelling of the native 

haemoglobin structure such that further proteolysis can rapidly proceed. Plasmepsins II 

(Plm II), the second aspartic protease, is capable of cleaving native haemoglobin but is 

more active against denatured or fragmented globin, such as that produced by the 

action of Plm I. Among the plasmepsins, Plm I & Plm II has the highest catalytic 

efficiency among Plasmepsins with substrates that mimic the initial cleavage site of the 

natural substrate, haemoglobin [Banerjee et al., 2001]. In addition, it has been shown 

that Plm II from P. falciparum has unique specificity and binding characteristics 

compared to the same enzyme from other Plasmodium species [Westling et al., 1997].  

 

5.4.1 Structural features of plasmepsins II 

The structure of Plm II has the typical bilobal shape and topology of eukaryotic 

aspartic proteases [Davies et al., 1990]. The single chain of 329 amino acids is folded 

into two topologically similar N- and C-terminal domains related by a pseudo 2-fold 

rotation axis. The domains contact each other along the bottom of the binding cleft that 

contains the catalytic dyad, Asp-34 and Asp-214. A β-hairpin structure, known as the 

"flap," lies perpendicular over the binding cleft and interacts with substrates and 

inhibitors. The N and C ends of the polypeptide chain of Plm II are assembled into the 
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characteristic six-stranded inter domain β-sheet. Plm II contains two disulfide bridges, 

Cys47-Cys52 and Cys249-Cys285. The latter is conserved among all eukaryotic 

aspartic proteases, whereas the N-terminal disulfide is conserved only among 

mammalian enzymes, suggesting a closer evolutionary relationship of the malarial 

enzymes to their mammalian rather than fungal counterparts. A unique feature of Plm 

II is the substitution of Ser for Thr at residue 215 in the Asp-Thr-Gly signature 

sequence for the C domain. Ser has also been observed at this position in some 

retroviral aspartic proteases that are homodimeric enzymes; however, its functional 

significance is unclear. 

 

5.4.2 Inhibitors of plasmepsins-II 

Pepstatin-A, a general inhibitor of aspartic proteases of microbial origin 

[Umezawa et al, 1970] was reported to inhibit haemoglobin degradation by extracts of 

digestive vacuoles of P. falciparum. Inhibition studies on the recombinant PMII 

showed that Pepstatin-A is a picomolar (Ki=0.006 nM) inhibitor for this enzyme [Silva 

et al, 1996] this inhibitor was used in the initial crystallographic studies [Silva et al, 

1996]. Pepstatin-A was reported to bind in the active site of PMII in an extended 

conformation [Asojo et al, 2003]. The central hydroxyl group of the inhibitor is 

inserted in between the carboxylate groups of Asp32 and Asp215. KNI-10006, reported 

by Hidaka et al., (2003), a norstatine-based lead structure, possesses nanomolar 

inhibition against all four plasmepsins in the DV of Pf, and is remarkably potent in the 

case of PfPM2. The Ki value for PfPM2 was determined to be in the 0.5 ± 1 nM range. 

However, having a good activity towards several of aspartic proteases, KNI-10006 was 

also found to be an efficacious inhibitor (Ki = 2 nM) of the most closely related human 

aspartic protease, cathepsin D (hCatD). Another disadvantage with this compound was 

the low capacity to reduce parasite growth in Pf-infected erythrocyte cultures (IC50 = 

6.8 μM), a shortcoming which partly might be explained by insufficient cell / vacuole 

membrane permeability. 

 

5.5 Plasmepsins-I as a drug target 
It has been postulated that the process of haemoglobin degradation is initiated 

by PMI cleaving the Phe33–Leu34 bond in the globin chain of native haemoglobin 
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(Moon et al., 1997). The first crystal structures of PMI, for the apoenzyme and for a 

complex KNI-10006, have been determined only very recently [Bhaumik et al., 2011]. 

PMI shares overall 73% sequence identity and 84% active site identity with PMII 

[Ersmark et al., 2006].  

 

5.5.1 Structural features of plasmepsins I 

           The mature molecule of PMI (329 residues) is folded into two topologically 

similar N- and C-terminal domains. A large substrate-binding cleft is located between 

them, delineating an active site with two catalytic aspartates, Asp32 and Asp215 

(pepsin numbering) and nucleophilic water molecule bound between them. The N-

terminal domain contains the ‘‘flap’’, another important structural element of the 

catalytic machinery. The amino and carboxyl ends of the two domains of PMI are 

assembled into a characteristic six-stranded inter domain β-sheet which serves to link 

the two domains together and is conserved in the aspartic protease family. 

 

In the apo-PMI crystals, forming a non-crystallographic dimer, two molecules 

(A & B) are present in the asymmetric unit. In the active site of molecule A, the 

nucleophilic water molecule (Wat103) is present and located between Asp32 and 

Asp215, together with another water molecule, Wat179, found close to Asp32 

[Bhaumik et al., 2011]. 

 

5.5.2 Inhibitors of plasmepsins-I 

       The first crystal structures of PMI, for the apoenzyme and for a complex KNI-

10006, have been determined only very recently The IC50 value of KNI-10006 for Plm-

I is 0.28 µM [Nezami et al., 2003]. In the PMI–KNI-10006 complex, the hydroxyl 

group of the Apns moiety of the inhibitor is placed in between the two catalytic 

aspartates. This central hydroxyl group of the inhibitor forms hydrogen bonds with the 

Oδ2 atoms Asp32 and Asp215. The phenyl group of the Apns moiety of KNI-10006 

makes additional hydrophobic interactions with Val76 which is present at the tip of the 

flap in PMI. The 2, 6-dimethylphenyloxymethyl group of the inhibitor is placed in a 

hydrophobic pocket of the active site, making apolar contacts with Met73, Tyr75, 

Leu128, Ile130, and Tyr189. The 2-aminoindanol moiety is positioned by forming a 
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hydrogen bond between its hydroxyl group and the main chain NH group of Ser219 

[Bhaumik et al., 2011]. 

 

5.6 Plasmepsins IV as a drug target 
The interest in Plm IV is motivated by the fact that it is the only plasmepsins 

located in the food vacuole of P. falciparum which has ortholog in the other three 

Plasmodium species infecting humans [Dame et al., 2003]. The crystal structure of 

Plasmepsins IV (1LS5) reveals dimers with extensive buried surface areas [Asojo et al., 

2003] 

 

5.6.1 Structure feature of plasmepsins IV        

 The mode of binding of  Pepstatin-A in the PMIV active site (structure 1LS5) is 

similar to the one observed in the PMII–Pepstatin A complexes, despite the differences 

between some amino acids located in the binding site pockets. Met73 and Val76 of the 

flap in PMII are replaced in PMIV by the less bulky Ile73 and Gly76, respectively. 

Other significant differences include Phe109A, Thr111, Ile287, Leu289 and Phe291 in 

PMII being substituted by Leu109A, Ile111, Leu287, Val289 and Ile291 in PMIV, 

respectively. Because of these substitutions, the binding pocket of PMIV is more open 

compared to its counterpart in PMII [Asojo et al., 2003]   

 

          Crystal structure of pmPMIV complexed with KNI-764 from P.malariae 

[Clemente et al., 2006] shows an unexpected orientation of the compound in the active 

site. The inhibitor is bound in the active site by several hydrogen bonded interactions 

which include the hydrogen bonds between the central hydroxyl group of the inhibitor 

and the two catalytic aspartic acid residues. The allophenylnorstatine moiety makes 

hydrophobic interactions with Phe189, Ile291 and Ile300.      

 

5.6.2 Inhibitor of plasmepsins IV 

            Pepstatin-A is a canonical peptide mimetic inhibitor of all aspartic proteases. Its 

binding constant for Plm IV has been reported to (Ki) 20 pM [Li et al., 2004]. KNI-764 

is also reported to be a potent inhibitor of Plasmepsins-IV with ∆Gexpbind value of -

9.6 kcal/mol [Clemente et al., 2006]. Although KNI-764 is a peptidomimetic inhibitor, 
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its chain direction is opposite to the direction of a natural substrate or of any other 

peptidomimetic inhibitors, such as Pepstatin-A [Silva et al., 1996]. 

 

5.7 Comparative study of structural information of plasmepsins 

In the feasibility of finding or designing an inhibitor capable of targeting several 

proteins with high affinity requires the specification of a composite target site 

containing a precise description of the location of conserved and variable regions. This 

composite site becomes the template for drug design. The four plasmepsins share a 

high degree of sequence homology. Taking Plasmepsins II as reference, Plasmepsins I 

shows 73% sequence identity and Plasmepsins IV reveals 69% identity. In contrast to 

that, mature enzyme of HAP exhibits 80% homology and 60% overall sequence 

identity compared to PMII, but only 39% identity in the active site region. However, 

even in this case most amino acid polymorphisms within the binding site are rather 

conservative (55% similarity).So the most conserved regions should be targeted with a 

constrained molecular moiety capable of establishing strong and highly specific 

interactions [Nezami et al., 2003].  

 

                    
Figure 5.1 Distribution of amino acid heterogeneity within the binding site of the 

plasmepsins.  
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Table 5.1 Polymorphisms in the binding site of Plm I, Plm II, Plm III and HAP 

 

                             
    

5.8 Artemisnin-Quinine hybrid-A putative inhibitor of plasmepsins family 
 Now-a-days an emerging strategy within medicinal chemistry and drug 

discovery is the combination of two distinct pharmacophores into a single hybrid 

molecule. Hybrid molecules offer a simpler and more effective way to deliver these 

agents, especially when difference like elimination times occurs. The experimental 

study revealed that antimalaria drug artemisinin-quinine hybrid compound inhibited the 

growth of live malaria parasite P.falciparum. Walsh et al. (2007) showed that a hybrid 

artemisinin covalently linked to quinine via an ester linkage, revealed superior activity 

to that of artemisinin alone, quinine alone, or a 1:1 mixture of artemisinin and quinine. 

Since it is well-established that basic antimalarial like quinine accumulate in the acidic 

food vacuole of the parasite, we have decided to make plasmepsins inhibitors 

containing quinine with basic nitrogen hybridized to artemisinin moiety.    

 

5.9 Objective of the study 
The specific objectives of this study were: (1) To identify adaptive inhibitors 

which are active against at least two digestive vacuolar plasmepsins from Plasmodium 

falciparum. (2) To design potent inhibitor with low Ki value. 
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5.10 Materials & Methods 
5.10.1 Preparation of protein 

 We have used the 3-D structure of Plasmepsins-I-KNI-10006 complex (PDB 

ID: 3QSV), Plasmepsins II-Pepstatin-A complex (1SME) and Plasmepsins IV-Pepstatin 

A complex (1LS5) as the initial structure for the preparation of the artemisinin-quinine 

binding site. Hydrogen’s were added to the model automatically via the Maestro 

interface leaving no lone pair and using an explicit all-atom model. The multi-step 

Schrodinger’s protein preparation tool (PPrep) was used for final preparation of 

receptor model. The complex structures were energy minimised using the OPLS-2005 

force field and the conjugate gradient algorithm, keeping all atoms except hydrogen 

fixed. The minimization was stopped either after 5000 steps of minimizations or after 

the energy gradient converged below 0.001 kcal/mol. 

 

5.10.2 Preparation of ligands 

The two dimensional structure of artemisinin-quinine hybrid was collected from 

published data [Walsh et al., 2009]. We used ISIS Draw 2.3 software for sketching 

structure and converting it its 3D representation by using Chem sketch 3D viewer of 

ACDLABS 12.0. LigPrep was used for final preparation of ligand for docking. LigPrep 

is a utility of Schrodinger software suit that combines tools for generating 3D structures 

from 1D (Smiles) and 2D (SDF) representation, searching for tatutomers and steric 

isomers and perform a geometry minimization of ligand. Ligprep utility produces a 

number of structures from each input structure with various ionization states, 

tautomers, stereochemistry, and ring conformations. The program automatically 

generated all possible stereoisomer’s (default value of 32 was used) for each ligand. 
Furthermore, a unique low-energy ring conformation for each stereoisomer with correct 

chirality was generated with the help of Ligprep. All structures were subsequently 

subjected to molecular mechanics energy minimization using Impact (version 5.6, 

Schrodinger Inc.) with default settings: maximum cycles 100, conjugate gradient 

minimizer, initial step size 0.05, maximum step size 1.0, gradient criteria 0.01. Partial 

atomic charges were assigned to the molecular structures using the 2005 

implementation of the OPLS-AA force field. These energy minimized structures were 

used for Glide (grid-based ligand docking with energetic) docking. 
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5.10.3 Molecular docking and MM-GBSA scoring 

All docking calculations were performed using the “Extra Precision” (XP) 

mode of Glide docking (version 4.5, Schrodinger Inc.) with the 2005 implementation of 

the OPLS-AA force field. Briefly, Glide approximates a systematic search of positions, 

orientations, and conformations of the ligand in the receptor binding site using a series 

of hierarchical filters. 

 

 In this work the bounding box of size 10 Å ×10 Å ×10 Å was defined in 

Plasmepsins I, II and IV and centred on the mass center of the crystallographic KNI-

10006 or Pepstatin-A to confine the mass center of the docked ligand. The scale factor 

of 0.4 for van der Waals radii was applied to atoms of protein with absolute partial 

charges less than or equal to 0.25. Five thousand poses per ligand were generated 

during the initial phase of the docking calculation, out of which best 1000 poses per 

ligand were chosen for energy minimization. Energy minimization protocol included 

dielectric constant of 4.0 and 1000 steps of conjugate gradient minimizations. Upon 

completion of each docking calculation, 100 poses per ligand were generated and the 

best docked structure was chosen using a Glide Score (Gscore) function. 

 

 For each ligand, the pose with the lowest Glide score was rescored using 

Prime/MM-GBSA approach. This approach is used to predict the free energy of 

binding for set of ligands to receptor. The docked poses were minimized using the local 

optimization feature in Prime and the energies of complex were calculated using the 

OPLS-AA force field and generalized-Born/surface area (GB/SA) continuum solvent 

model. The binding free energy (∆G bind) is then estimated using equation: 

    ∆G bind = E R: L – (ER+EL) +∆G solv+ ∆GSA    (1) 

 

 Where ER: L is energy of the complex, ER+EL is sum of the energies of the ligand 

and unliganded receptor, using the OPLS-AA force field, ∆G solv (∆G SA) is the 

difference between GBSA solvation energy (surface area energy) of complex and sum 

of the corresponding energies for the ligand and unliganded protein. Corrections for 

entropic changes were not applied in this type of free energy calculation. 
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5.11 Results 
5.11.1 Calculation of experimental binding energy (∆Gbind exp) 

Table 5.2 ΔGbind (Expt) of Pepstatin-A-Plasmepsins I/II/IV complex 

       Receptor         Ligand      Ki value in nM    ΔGbind (Expt.) 

     Plasmepsin-I       Pepstain-A           0.001 a       -16.35 

     Plasmepsin-II          -do-           0.006 b       -15.29 

     Plasmepsin-IV          -do-            0.02  c        -14.58 

  

Table 5.3 ΔGbind (Expt) of KNI-10006-Plasmepsins I/II/IV complex 

      Receptor          Ligand  Ki value in nM    ΔGbind (Expt.) 

   Plasmepsin-I        KNI-10006          0.07 d       -13.84 

   Plasmepsin-II             -do-           0.5  d       -12.67 

   Plasmepsin-IV             -do-          1.25 d       -12.13 

 

The ∆G bind of the ligand were obtained using relationship ∆Gbind exp = 2.303 RT log 
Ki 
a  Value from reference [Xiao H et al., 2007] 

b   Value from reference [Silva AM et al., 1996]  

c  Value from reference [Li  T et al, 2004] 

   d  Value from reference [Nezami et al, 2003]  

 

5.11.2 Calculation of calculated binding energy (∆Gbind 
cald.) & Ki value 

        The docked complexes were rescored with MM-GBSA and the binding energy 

ΔGbind (Cald.) of Artemisinin-Quinine against Plasmepsins I, II and IV has been calculated. 

The Ki value of the hybrid compound is calculated using the relationship as follows: 

                                           ΔGbind (Cald.) = 2.303RT log Ki             (1) 
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5.11.2.1 Inhibitor binding to Plasmepsins I 

Plm I-KNI-10006 complex ΔGbind (Expt.) = -13.84 kcal/mol 

Plm I-Art-Qui-OH complex   ΔGbind (Cald.) = -22.45 kcal/mol 

 Using the above relationship in Eq. (1) the Ki value of the compound is 

calculated to 3.91*10-8 nM 

5.11.2.2 Inhibitor binding to Plasmepsins II 

PlmII-Pepstatin-A complex ΔGbind (Expt.) = -15.29 kcal/mol 

Plm II-Art-Qui-OH complex  ΔGbind (Cald.) = -16.13 kcal/mol 

 The Ki value of Art-Qui-OH against Plasmepsins II is calculated using the 

Eq. (1) as 0.001nM. 

5.11.2.3 Inhibitor binding to Plasmepsins IV 

PlmIV-Pepstatin-A complex ΔGbind (Expt.) = -14.58 kcal/mol 

Plm IV-Art-Qui-OH complex ΔGbind (Cald.) = -19.43 kcal/mol 

 The Ki value of Art-Qui-OH against Plasmepsins IV is calculated as 6.3* 

10-6 nM. 

 

Table 5.4 XP score, ΔGbind & Ki value of Art-Qui-OH-Plm I/II & Plm IV complex   

  Complex XP Score  ΔGbind (Cald.)              Ki in nM 

PlmI-Art-Qui-
OH  

-8.880 -22.45 3.91*10-8 

PlmII-Art-Qui-
OH 

-8.289 -16.13 0.001 

PlmIV-Art-
Qui-OH 

-9.432 -19.43 6.3* 10-6 

 

5.12 Discussion 
 A required property of adaptive inhibitors is an extremely high affinity against 

the primary target and only a mild response to target heterogeneities. Unlike standard 

inhibitors, adaptive inhibitors do not rely on conformational constraints to achieve high 

binding affinity. 
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Fig 5.2 Overlapped docking poses of Pepstatin-A and Art-Qui-OH obtained from 

Glide docking in the binding site of Plasmepsins-II (Magenta= Pepstatin-A, Silver= 

Art-Qui-OH 

 

Fig 5.3 Illustrates the representative docking pose of Art-Qui-OH in Plasmepsins-II 

binding site. The central OH group is shown to be oriented towards the Asp34 residue 

having Oδ1   and    O δ2 distances are 4.007 Å and 3.765 Å respectively. 
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Art-Qui-OH exhibits a nanomolar binding affinity against Histo-Aspartic 

Protease with a Ki value of 10.15nM. For that reason, the inhibitory activity of the 

hybrid was measured against the entire Plasmepsins family. The Ki value of Art-Qui-

OH complex is determined with molecular modelling analysis which indicates that that 

the value is 0.001 nM against Plasmepsins II in compare to 3.91*10-8 nM for 

Plasmepsins I and 6.3*10-6 nM for Plasmepsins IV. The Ki values of the hybrid against 

Plm-I and Plm-IV are relatively insignificant. However the significantly low Ki value 

of Art-Qui-OH against Plasmepsins II raises a new possibility of designing an adaptive 

inhibitor. The binding mode of Art-Qui-OH resemble to that of Pepstatin-A binding in 

Plasmepsins II (Fig.5.2). Interesting the central OH of the hybrid molecule is involved 

in the interaction with one of the catalytic Asp 34 residue (Fig.5.3). Therefore this 

novel inhibitor may fortuitously cross-reacts with at least two Plasmepsins (Plm II and 

HAP) if not all four of these, without toxicity to the host. However we suggest here that 

the molecular interaction proposed here for the binding mode of Art-Qui-OH hybrid 

with plasmepsins family enzymes should be considered for further structure based drug 

design efforts. 

 

5.13 Conclusion  
 The plasmepsins are key enzymes in the life cycle of the Plasmodium parasites 

responsible for malaria. In this chapter we have used the structural information of 

plasmepsins as well as computer aided drug design to a study the binding affinity a 

potent antimalarial compound. From our computational analysis it revealed that Art-

Qui-OH can be consided as a pan-Plasmepsins inhibitor for at least two plasmepsins 

playing crucial role in the pathogenesis of malaria. 
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CONCLUSION 

 
Experimental study revealed that artemisinin-quinine hybrid was a superior 

antimalarial specifically against P.falciparum. The hybrid compound was observed to 

be a potent antimalarial drug with an IC50 (S) value of 8.95nM and IC50 (R) value of 

9.59nM for chloroquine sensitive (3D7) and resistant (FcB1) strain.  

 

Prompted by the experimental study, molecular modeling methods such as 

docking molecular mechanics based on generalized Born/surface area (MM-GBSA) 

solvation model was implemented in this work. The purpose of the study was to 

analyze the binding mode and affinity of artemisinin-quinine hybrid and its congeners 

with Fe-Protoporphyrin-IX as a putative receptor. A set of artemisinin-quinine hybrid 

with 34 analogous structures were computationally analyzed by molecular docking 

using Glide 4.0 software. The purpose was to identify new analogues that could have a 

similar mechanism of action yet superior activity.  The XP score of experimental 

structure dihydroartemisinin-quinine compound was computed to be -7.485 kcal/mol 

and a ∆Gbind value of -32.35 kcal/mol.  Seven ligands from the library were identified 

with a favourable Gscore and ∆Gbind value in comparison to the experimental structure. 

The docking solvation model showed that the configuration of the hybrid had the 

peroxide oxygen O1 and O2 close to the haeme iron with Fe-O2 as the shortest haeme-

artemisinin distance and Fe-O1 as the second shortest distance. The selectivity of 

artemisinin for infected erythrocyte, where the necessary haeme-iron is available, was 

noted to be responsible for peroxide functionality. The endoperoxide bridge (1, 2, 4-

trioxane-ring) as revealed from the study played an essential role in antimalarial 

activity than the non peroxide oxygen. In the interaction of artemisinin-quinine hybrid 

with haeme (haemoglobin derived) Fe (II)-PPIX, a series of oxygen and carbon radicals 

were produced through the electron transfer from Fe (II) to peroxide bridge. 

 
Histo-aspartic protease (HAP) is one of the most divergent vacuolar 

plasmepsins and is directly involved in the process of haemoglobin degradation making 

them potential targets for novel antimalarial therapy. As a proof-of-concept, it was 

conceptualized to evaluate in silico the binding mode and relative binding affinity of 
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Art-Qui-OH with the Histo-Aspartic Protease (HAP) of P.falciparum. The MM-GB/SA 

scoring resulted the relative binding energy (ΔΔG bind-cald) of the hybrid molecule with 

respect to Pepstatin-A as 2.43 kcal/mol and 3.44 kcal/mol against KNI-10006 

respectively. The relative docking scores (∆G score) of Art-Qui-OH with reference to 

Pepstatin-A and KNI-10006 were obtained to be 1.298 kcal/mole and 1.317 kcal/mol 

respectively. These results demonstrate that a strong binding affinity of Art-Qui-OH 

(binding mode resembles to Pepstatin-A) in HAP binding site. Art-Qui-OH hybrid was 

shown to interact in the active site of the enzyme with O11 atom of artemisinin moiety 

forming strong H-bond with His32. His32 is postulated to be play a crucial role in 

providing the electrophilic component and critical stabilization (by a factor of ~10, 

000) in the substrate catalytic reaction of HAP enzyme. The Ki value of Art-Qui-OH 

was computed to 10.15nM. The study suggested that the Ki value & proposed binding 

mode of the Art-Qui-OH for HAP enzyme should be considered for further structure-

based drug design efforts. 

 

            Art-Qui-OH exhibited a nanomolar binding affinity against Histo-Aspartic 

Protease. For that reason, the inhibitory activity of the hybrid was measured against the 

entire plasmepsins. The antimalaria activity of Art-Qui-OH was determined by molecular 

modeling analysis and indicated that the Ki value was 0.001 nM against Plasmepsins II in 

comparison to relatively insignificant value 3.91*10-8 nM for Plasmepsins I and 6.3*10-6 

nM for Plasmepsins IV. The significantly low Ki value of Art-Qui-OH against 

Plasmepsins II as revealed from the study raises a new possibility of designing an 

adaptive inhibitor.  

 
 There is no doubt that the hybrid molecules shows potent and novel anti 

malarial drug. The next major steps, therefore, is to experimentally analyze the 

antimalarial activity of the hybrid compound against the drug target i.e. vacuolar 

Plasmepsins and haemoglobin derived Fe-Protoporphyrin IX, before it is promoted for 

the first clinical trial against malaria.   
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Abstract: 
A recent rational approach to anti-malarial drug design is characterized as ‛‛covalent biotherapy’’ involves linking of two 
molecules with individual intrinsic activity into a single agent, thus packaging dual activity into a single hybrid molecule. In view 
of this background and reported anti malaria synergism between artemisinin and quinine; we describe the computer-assisted 
docking to predict molecular interaction and binding affinity of Artemisinin-Quinine hybrid and its derivatives with the intra-
parasitic haeme group of human haemoglobin. Starting from a crystallographic structure of Fe-protoporphyrin-IX, binding modes, 
orientation of peroxide bridge (Fe-O distance), docking score and interaction energy are predicted using the docking molecular 
mechanics based on generalized Born/surface area (MM-GBSA) solvation model. Seven new ligands were identified with a 
favourable glide score (XP score) and binding free energy (∆G) with reference to the experimental structure from a data set of thirty 
four hybrid derivatives. The result shows the conformational property of the drug-receptor interaction and may lead to rational 
design and synthesis of improved potent artemisinin based hybrid antimalarial that target haemozoin formation. 
 
 
Keywords: Artemisinin-Quinine Hybrid, Molecular Docking, Fe-O Distance, Binding Affinity 
  
 

 
Background: 
Malaria is a non-contagious disease of chronic evolution that 
manifests in acute episodes [1]. Currently, millions of people in 
the tropical and subtropical zones of the world are affected by 
malaria [1]. The malaria parasite manifests disease condition 
only during its blood stage in its lifecycle. This part occurs 
largely within the red blood cell of the human host [1], where it 
digests a major proportion of the red cell haemoglobin [2]. It has 
been demonstrated that Plasmodium falciparum, the causative 
agent of almost all fatal cases of malaria, detoxifies host 
haemoglobin-derived ferriprotoporphyrin IX (Fe (III) PPIX) in  
 

 
an acidic digestive vacuole (DV) mainly by converting it to 
haemozoin [2]. Fe (III) PPIX produced by autoxidation of haeme 
(Fe (II) PPIX) released from haemoglobin is known to be 
capable of causing lipid peroxidation [2] and to destabilize 
membranes through a colloid osmotic mechanism [2]. 
Packaging Fe (III) PPIX into compact and highly insoluble 
haemozoin crystals decreases its pro-oxidant capacity [3] and 
likely also avoids colloid osmotic effects. Haemozoin is now 
known to be a crystalline cyclic dimer of Fe(III)PPIX in which 
the propionate group of one porphyrin moiety coordinates to 
the Fe(III) center of its partner and vice versa, while the second 
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propionic acid group of each Fe(III)PPIX hydrogen bonds to a 
neighbouring dimer in the crystal [3]. 
 
The widely used quinoline drugs chloroquine, quinine, and 
mefloquine, as well as amodiaquine and the nonquinoline 
drugs such as halofantrine and lumefantrine are known to act 
against the blood stages of the infection by inhibiting 
detoxification of Fe (III) PPIX into haemozoin, resulting in a 
build-up of toxic Fe (III) PPIX [2, 4] and artemisinin cause a 
similar effect by reacting with haeme (FeII-protoporphyrin IX) 
to give free radicals and adducts [5, 6]. The artemisinins are the 
most effective antimalarial drugs with a remarkable therapeutic 
index [6]. As a fact World Health Organisation (WHO) has 
advocated the policy of Artemisinin-based combination therapy 
(ACTs) for treating P.falciparum malaria [6]. The rationale for 
this combination is that the artemisinin derivative rapidly clears 
95% of the parasites and the remaining 5% are cleared by the 
longer half-life partner drug and thus the risk of recrudescence 
is minimized. Because of the paucity of promising novel 
antimalarial drugs under development and fear of loss of the 
artemisinin to resistance, in malaria drug combination therapy, 
the current trend is to co-formulate two or more agents into a 
single tablet, as a multicomponent drug [7]. However, based on 
the wide interest in the hybrid molecules as well as numerous 
encouraging efficacy and toxicity reports, the next generation 
antimalarial may well be hybrid drugs as opposed to 
multicomponent ones. There are numerous advantages of 
employing hybrid molecules over multicomponent drugs in 
malaria therapy. Compared to the latter, hybrid drugs may be 
less expensive since, in principle, the risks and costs involved 
may not be different from any other single entity. Another 
advantage is that of the lower risk of drug–drug adverse 
interactions compared to multicomponent drugs [7]. 
 

Figure 1: A) 2D molecular structure of Dihydroartemisinin-
Quinine hybrid; B) 2D structure of Haeme 
 
The mechanism of action of any drug is very important in drug 
development. Generally, the drug compound binds with a 
specific target, a receptor, to mediate its effects. Therefore, 
suitable drug–receptor interactions are required for high 
activity. Understanding the nature of these interactions is very 
significant and theoretical calculations, in particular the 
molecular docking method, seem to be a proper tool for gaining 
such understanding. The docking results obtained will give 

information on how the chemical structure of the drug should 
be modified to achieve of new and more effective drugs. As a 
proof-of-concept and the reported antimalarial synergism 
between artemisinin/other endoperoxides and quinine, we 
conceptualize to evaluate in silico the molecular interaction and 
binding affinity of a covalently linked artemisinin–quinine 
hybrid in which the vinyl functionality of quinine was modified 
to allow for the attachment of dihydroartemisinin (Figure 1A) 
with intra-parasite prosthetic haeme group of human 
haemoglobin [8].The rationale behind the design was to address 
the fact that artemisinin is lipophilic, fast-acting but quickly 
eliminated drugs that is associated with high rates of 
recrudescence when used in monotherapy [9]. It was suggested 
that coupling of the slow-acting, relatively polar quinine 
derivative might increase the half-life of the artemisinin moiety. 
Current research in this field seems to endorse hybrid 
molecules as the next-generation antimalarial drugs [10].  
 
Methodology: 
Preparation of protein 
Studies on the mode of action of artemisinin and its derivatives 
have shown that free haeme could be the molecule targeted by 
artemisinin in biological systems [11-15].Similarity 
spectrophotometric study revealed that quinine and related 
antimalaria drugs interact with Ferriprotoporphyrin-IX [16].   
  
So the X-ray structure of halofantrine-Ferriprotoporphyrin-IX 
(CCDC_659633) from the Cambridge Crystallographic Data 
Centre is used as initial structure in the preparation receptor 
binding site [17]. Ferriprotoporphyrin-IX is a planar molecule 
with a strong positive charge on its central iron atom (Figure 
1B). After removal of halofantrine structure, the charge on the 
iron was assigned as +2 but the structure was kept the same. 
Hydrogen’s were added to the model automatically via the 
Maestro interface [18] leaving no lone pair and using an explicit 
all-atom model. The multi-step Schrödinger’s protein 
preparation tool (PPrep) was used for final preparation of 
receptor model. The complex structure was energy minimised 
using the OPLS-2005 force field and the conjugate gradient 
algorithm, keeping all atoms except hydrogen fixed. The 
minimisation was stopped either after 1000 steps or after the 
energy gradient converged below 0.01 KJ/mol. 
 
Virtual library design 
The virtual library of Artemisinin-Quinine hybrid analogues 
contain 34 compounds divided into nine sub libraries. All these 
compounds are taken from various sources belonging to 
different derivatives of Artemisinin and Quinine [19-26].The 
following physiochemical parameters are considered for design 
of Artemisinin -Quinine hybrid derivatives. (Table 1a-1h, see 
supplementary material). 
 
Log P (partition coefficient) 
The logP value of Artemisinin-Quinine-OH hybrid is estimated 
to be 5.57. In view of background; the logP value is set to be in 
the range of 4.5-6.10 [27]. 
 
Molecular weight 
The molecular weight of the hybrid molecule is estimated to be 
622.74 g/mol. So the molecular weight kept below 650 g/mol to 
enhance the membrane permeability [28]. 
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H-bond donor and acceptor 
In designing inhibitor with reference to hydrogen bond donor 
and acceptor we have refereed to ‘Lipinski rule of 5’ which state 
that hydrogen bond donor and acceptor should not be more 
than 5   and 10 respectively [29, 30]. 
 
Sub lib-I:  
Dihydroartemisinin-Quinine Hybrid-This library consist of only 
of one ligand. The structure is designed experimentally in 
which the vinyl functionality of quinine was modified to allow 
for the attachment of dihydroartemisinin.   
 
Sub lib-II:   
Artemisinin-Quinine Hybrid - This library consists of five 
ligands which are designed by attachment of Quinine moiety to 
the Artemisinin molecule at O-14.  
 
Sub lib-III:  
C9 Artemisinin-Quinine Hybrid- This library consists of two 
ligands in which the C9 substituted Artemisinin entity is 
attached to Quinine at O-14 position. 
 
Sub lib-IV:  
C3 Artemisinin-Quinine Hybrid- C3 substituted Artemisinin 
derivatives are attached to Quinine moiety and two hybrids are 
present in this sub library. 
 
Sub lib-V: 
C10 Artemisinin-Quinine Hybrid- This library consist of five 
ligands in which the C10 carbon atom of Artemisinin is 
modified and Quinine molecule is attached to it at C9 carbon 
atom. 
 
Sub lib-VI:  
Seco Artemisinin-Quinine Hybrid-This library is having three 
ligands (16-18) with logP in the range from 5.22 to 5.79.The 
Quinine molecule is attached to the seco artemisinin entity at C9 
carbon atom. 
 
Sub lib-VII:  
Miscellaneous Artemisinin-Quinine Hybrid- This library 
consists of four ligand in which various substitution in different 
carbon atom of Artemisinin molecule are attached to the 
Quinine entity. 
 
Sub lib-IX:  
Quinoline-Artemisinin Hybrid-Quinoline-Artemisinin sub 
library is having twelve ligands in which the various 
substitutions at quinoline ring of the Quinine molecule is 
attached to artemisinin phramacophore. 
 
We used ISIS Draw 2.3 software for sketching structure and 
converting it its 3D representation by using ChemSketch 3D 
viewer of ACDLABS 12.0. LigPrep was used for final 
preparation of ligands from libraries for docking. LigPrep is a 
utility of Schrodinger software suit that combines tools for 
generating 3D structures from 1D (Smiles) and 2D (SDF) 
representation, searching for tatutomers and steric isomers and 
perform a geometry minimization of ligands. The ligands were 
minimized by means of Molecular Mechanics Force Fields 
(OPLS-2005) with default setting. 
 

Docking procedure 
It is quite important to have an accurate model for the haeme-
Art-Qui-OH complex, because this knowledge can be used to 
design better and more potent antimalarial. The Schrodinger 
Glide program version 4.0 has been used for docking. After 
ensuring that receptor and ligand are in the correct form for 
docking, the receptor-grid file was generated using a grid-
receptor generation program. The default size was used for the 
bounding and enclosing boxes. The grid box was generated at 
the centroid of the haeme. The ligands were docked initially 
using the ‘standard precision’ method. The best 10 poses and 
corresponding scores have been evaluated using Glide in single 
precision mode (Glide SP) .The pose with the lowest Glide SP 
score has been taken as the input for the Glide calculation in 
extra precision mode (Glide XP). To soften the potential for non-
polar parts of the receptor, we scaled van der Waals radii of 
receptor atoms by 1.00 with partial atomic charge 0.25. 
 
The docked poses were minimized using the local optimization 
feature in Prime and the energies of complex were calculated 
using the OPLS-AA force field and generalized-Born/surface 
area (GB/SA) continuum solvent model. The binding free 
energy (ΔG bind) is then estimated using equation [31]. 
 
       ΔG bind = E R: L – (ER+EL) +ΔG solv+ ΔGSA              (1) 
 
Where ER:L is energy of the complex, ER + EL is sum of the 
energies of the ligand and unliganded receptor, using the 
OPLS-AA force field, ΔG solv (ΔGSA) is the difference between 
GBSA solvation energy (surface area energy) of complex and 
sum of the corresponding energies for the ligand and 
unliganded protein. Corrections for entropic changes were not 
applied in this type of free energy calculation. 
 
Discussion: 
Early reports have revealed that P. falciparum 3D7 strain growth 
was inhibited by much lower concentrations of the hybrid than 
that of quinine or artemisinin alone. This suggested that the 
actions of both quinine and artemisinin moieties were 
preserved. Moreover, when the activity of the hybrid was 
compared with that of a 1:1 mixture of quinine and artemisinin 
(on a mol quinine/mol artemisinin basis), the hybrid was about 
3 fold superior. Similar results were obtained with the 
chloroquine-resistant strain FcB1 Table 2 (see supplementary 
material). 
 
Prompted by the experimental study; a set of Artemisinin-
Quinine hybrid with its 34 analogous structures have been 
computationally analyzed by molecular docking simulation to 
identify new analogues that have a similar mechanism of action 
yet superior activity. Glide 4.0 [32] in XP mode has been used to 
dock the library (I–IX) of Art-Qui-OH with the putative receptor 
Fe-PPIX. Interaction of Art-Qui-OH and its derivatives with Fe 
(II) PPIX (Iron (II)) involves binding between the endoperoxide 
bridges (O1 and O2) bridge of the hybrid to the front of the iron 
bridge of protoporphyrin-IX shown in (Figure 2).   
 
The XP score of the experimental structure; dihydroartemisinin-
quinine compound is computed to -7.485 kcal/mol. Out of 34 
derivatives; seven novel ligands among the library; two from 
C3-Artemisinin-Quinine hybrid, three from C10-Artemisinin-
Quinine hybrid and two from Miscellaneous Artemisinin-
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Quinine hybrid have better Glide score. Previous studies 
showed that interactions between peroxide linkage in 
artemisinin compounds and haeme iron play major role in the 
binding mode, therefore, distances between haeme iron and 
two peroxide oxygen’s; O1, O2 as well as O11 and O13 and 
∆Gbind of these seven derivatives were monitored.      
 

 
Figure 2: Representative docking Fe-(O1-O2) interaction of 
Dihydroartemisinin-Quinine hybrid with Fe-(II) PPIX as a 
putative receptor 
 
For each of the seven ligands, the pose with the lowest Glide 
score was rescored using Prime/MM-GBSA approach. This 
approach is used to predict the free energy of binding for set of 
ligands to receptor. The ∆Gbind energies among the ligands vary 
in between -49.00 to-32.35 kcal/mol. The calculated relative 
binding energy (ΔΔG bind-cald) of the ligands was also obtained 
by using Art-Qui-OH as reference. The drop in calculated 
relative binding energy of the ligand provides a favourable 
energetic evaluation of the binding affinity Table 3 (see 
supplementary material). 
 
In any binding energy calculation, the correct binding structure 
of each ligand has to be determined first prior to binding energy 
estimation. Excluding only one structure from C10 Artemisnin-
Quinine hybrid; in other docking configuration it was observed 
that artemisinin moiety of the hybrid prefers to dock at 
endoperoxide oxygen’s (O1 and O2), with O2–Fe as the shortest 
haeme–artemisinin distance and O1–Fe as the second shortest 
distance. Configuration of dihydroartemisinin-quinine hybrid 
had the peroxide oxygen O1 and O2 close to the haeme iron 
(3.273 Å & 2.817 Å) with O11 and O13 atom further removed 
(5.071 Å & 5.149 Å). The ∆Gbind value of the structure is -32.35 
kcal/mol. Configuration of ligand 9 and 10 of C3-Artemisnin-
Quinine hybrid series were almost identical. In both the cases 
O1 (3.281 and 3.282 Å) and O2 (2.817 and 2.825 Å) were closest, 
with other oxygen atom being further away: O11 (4.867 and 
4.951 Å) and O13 (5.125 and 5.172 Å). The docked configuration 
of ligand 11 of C10 Artemisinin-Quinine hybrid the binding 
with the endoperoxide moiety of artemisinin is in a different 
configuration, and a stronger O11–Fe attraction is resulted 
(3.812 Å) than O1, O2 and O13 (6.487 Å, 6.176 Å and 5.325 Å). 
The relative binding energy (ΔΔG bind-cald) of the ligand is 
calculated to be -10.13 kcal/mol. Such deviation may be 
explained on the basis of stereochemistry of artemisinin 
analogues that is controlled by steric hindrance. The analogues 

which approach the haeme-iron as close as possible will have 
better interaction and thus a good glide score. However, owing 
to the planar structure of the Ferriprotoporphyrin-IX, the 
repulsion between artemisinin and the protoporphyrin ring 
prevents artemisinin from approaching haeme-iron. Ligand 12 
and 14 of this group produce final orientation with a relative 
binding energy ΔΔGbind-cald of -11.76 Kcal/mol and -5.08 
kcal/mol. Both the configuration involved interaction of the 
peroxide-derived oxygen with the Fe atom of protoporphyrin-
IX. In the most favourable configuration between haeme and 
miscellaneous Artemisinin-Quinine hybrid with a Gscore of -
8.913 kcal/mol (the lowest), the iron is between 3.317 and 2.817 
Å from each of the oxygen in the endoperoxide bridge (O1 & 
O2). This structure has the lowest (∆Gbind) score of -49.00 
kcal/mol. From the docking simulation study it revealed that 
the structure as well as orientation of Artemisnin-Quinine 
hybrid with respect to haeme has a significant effect on drug 
action. It could then be concluded that iron in haeme interacts 
with O2 more preferably than O1, a preference which might 
arise from the more negative charge at O2 and the steric 
hindrance at O1. This observation is in agreement with docking 
results reported by Shukla et al. [33].  
 
Artemisinin-Quinine hybrid molecule is novel due to its 
modified structure and has potent anti malaria activities with 
presence of artemisinin consisting of endo-peroxide Bridge. 
Studies suggest that the antimalarial activity of artemisinin is 
due to the interaction of its peroxide group with the prosthetic 
haeme group of human haemoglobin. Reduction of the 
peroxide group may lead to cytotoxic free radicals and 
electrophilic intermediates, which may be able to react which 
may be able to react with specific P.falciparum membrane 
associated proteins, leading to the parasite’s death. As shown 
by Walsh et al., 2007 their hybrid was highly active in vitro 
against the strains of P. falciparum 3D7 (with IC50 value 8.95 nM) 
and Chloroquine resistant strain P.falciparum FcB1 (IC50 value 
9.59 nM).The reported results demonstrate a proof to the 
concept that linkage of artemisinin and quinine is being 
retained in a single molecule and possibly enhances the 
antimalarial activity of the parent compounds. It is likely that 
the hybrid can interact with haeme or its oxidation product 
haematin as a common target since these are both present in the 
eryhrocytic parasite.  
 
There is no doubt that the hybrid molecules show potent and 
novel anti malarial activity. The next major steps, therefore, is to 
experimentally analyze the antimalaria activity by determining 
the IC50 value of Art-Qui-OH and its structural derivatives by 
BHIA (β-haematin inhibitory assay). Though the analogues 
ranged from poor to good binding affinity; the structures are 
yet to be synthesized. The information that we have obtained in 
this study may lead to the design and hopefully (synthesis) of 
more potent hybrid derivatives with receptor as haematin.  
 
Conclusion: 
We propose a model for the binding mode and binding affinity 
of Art-Qui-OH and its derivatives with a putative receptor. This 
model will help the rational design of new artemisinin based 
hybrid anti-malarial that target haemozoin formation. 
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Supplementary material: 
 
Table 1a: Dihydroartemisinin-Quinine hybrid 
Sl. No      Structure   LogP Molecular   Weight(g/mol)   XP Score (Kcal/mol) 
1. 

O

O

O

O

O

O

N
HO

N

CH3

CH3

O
H3C

H3C

H

H H

 

   5.57       622.68                                   -7.485             

 
Table 1b: Artemisinin-Quinine Analogous 
Sl.No.    Structure LogP    Molecular   Weight(g/mol)  XP Score (Kcal/mol) 
2.  

O

O

O

O

O

O

N
HO

N

CH3

CH3

O
H3C

H3C

H

 

   5.57        622.78              -6.802            

3. 

O

O

O

O

CH3

O

O

N
HO

N

O

H

H

H3C

H3C

 

    5.08        608.72                -6.914            

4. 

O

O

O

O

O

O

N
HO

N

O

H

C2H5

H3C

CH3

H3C

 

   6.10            636.77              -6.950    

5. 

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C

C2H5

 

   6.10            636.77                               -6.932                   
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6. 

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C

CH2

 

   5.75          620.73                            -7.241              

 
Table 1c: C9 Artemisinin-Quinine Hybrid 
Sl. No         Structure   LogP   Molecular    Weight(g/mol)           XP Score (Kcal/mol) 
7. 
 

  

O

O

O

O

O

O

N
HO

N

CH3

O

H

H3C

O
H3C

 
 

   5.18            622.70                           
 

           -5.310                           

8. 

O

O

O

O

O

O

N
HO

N

H3C

CH3

O
H3C

O
H

H

 

   4.92                636.73                                                    -5.450                            

 
Table 1d: C3 Artemisinin-Quinine Hybrid 
Sl. No.      Structure LogP Molecular   Weight(g/mol)      XP Score (Kcal/mol) 
9. 

O

O
H

O

O

O

O

N
HO

N

CH3

H

H

O
H3C

H3C

 

 5.08              608.72              -7.673                  

10. 

O

O
H

O

O

O

O

N
HO

N

CH3

H

H

O
H3C

C2H5

 

  5.61               622.74                      -7.620                   
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Table 1e: C10 Artemisinin-Quinine hybrid 
Sl. No.                            Structure LogP    Molecular   Weight(g/mol) XP Score(Kcal/mol) 
11. 

N

O

HO
N

H3C
O

O

O

O

CH3

OH

H

H3C

 

5.58        608.76                    -7.722             

12. 

N

O

HO
N

H3C
O

O

O

O

CH3

C3H6OH

H

H3C

 

5.86         650.00                      -7.815         

13. 

N

O

HO
N

H3C
O

O

O

O

CH3

OH

OH

 

5.36         610.73                    - 6.277         

14. 

N

O

HO
N

H3C
O

O

O

O

CH3

CH2CHF2

H

 

5.93         642.77                     -7.622          

15. 

N

O

HO
N

H3C
O

O

O

O

CH3

OEt

OH

 

6.08        638.79                    -6.283         

 
Table 1f: Seco-Artemisinin-Quinine Hybrid 
Sl. No.              Structure LogP Molecular   Weight(g/mol)   XP  Score  (Kcal/mol) 
16. 

O

H

O
O

O

O

O

N

N

HO

O
H3C

H

H3C
H3C

 

 5.79                 610.73        -7.070           
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17. 

O

CH3

O
O

O
H3C

H3C

O

O

N

N

HO

O
H3C

CH3

 

 5.71             610.73           -5.586       

18. 

O

H

O
O

O
H3C

H3C

O

O

N

N

HO

O
H3C

CH3

 

5.22                         596.71      -6.914       

 
Table 1g: Miscellaneous Artemisinin-Quinine Hybrid 
Sl. No.                Structure      LogP   Molecular   Weight(g/mol)   XP Score (Kcal/mol) 
19. 

   

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C

CH3

 

      5.98         620.73     -7.600              

20. 

O

O

O

O

O

O

N
HO

N

CH3

O

H3C

O
H3C

 

     5.18          622.70    -6.768                  

21. 

O

O

O

O

O

O

N
HO

N

CH3

O
H3C

H3C O

CH3

 

      4.56          636.73     -8.913                            

22. 

O

O

H
CH3

H3C

OH

H
O

N

HO
N

 

    5.02             537.70  -6.671    
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Table 1h:Artemisinin-Quinoline Derivatives 
Sl.No.              Structure   LogP    Molecular   Weight(g/mol)     XP  Score  (Kcal/mol) 
23. 

O

O
H

O

O

H

O

O

N
HO

N

O

H

CH3

H3C

CH3

CH3

 

   5.57      622.74                           -5.83           

 24. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

CH3

H3C

H3C

 

   5.94           606.74                               -7.02        

25. 

O

O
H

O

O

H

O

O

N
HO

N

H
CH3

H3C

CH3

CH3

 

      5.94            606.74             -7.30 

26. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

F

F

  

      5.89                      628.70              -5.79    

27. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

CN

 

       5.06                617.73                             -6.64        
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28. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

S
H3C

  

       5.97                       638.83              -6.77         

29. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

F

F    

      5.70                 628.70             -6.56      

30. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

H3C

 

     5.94               606.74               -6.69   

31. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

CN  

         4.79                      617.73              -6.53 

32. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

S
H3C                      

          5.97                        638.81              -6.58         
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33. 

O

O
H

O

O

H

O

O

N
HO

N

H

CH3

H3C

CH3

Cl  

  5.73        627.16             -6.54    

34. 

O

O
H

O

O

O

O

N
HO

N

CH3

F

H3C

CH3

H

 

  5.90        610.71           -6.54 

 
Table 2: Fifty percent inhibitory concentration (IC50) of the Artemisinin-Quinine hybrid compared with the individual drugs [8]. 

3D7 (48 hrs)       3D7 (72 hrs)              FcB1 (48 hrs)    FcB2 (72 hrs)  Compound   

IC50/nM/Final/Initial IC50/nM/Final/Initial IC50/nM/Final/Initial IC50/nM/Final/Initial 

               Geometric mean IC50/nM (95% confidence limit)   
Quinine   149 (95.1, 232) 73.5 (57.0, 94.6)     96.8 (74.5, 126) 75.3(59.0, 96.1) 
Artemisinin       89.4 (40.7, 60.0) 45.5 (35.3, 58.6)      50.0 (43.7, 57.3)    55.0(39.0, 77.4) 
Art-Qui-OH     8.95 (6.59, 12.2) 10.4 (6.06, 17.9)    9.59 (7.06, 13.0)     10.2(4.73, 21.9) 
Quinine+ Artemisinin a 31.8 (27.4, 37.0) 28.6 (21.5, 38.2)      27.9 (26.5, 29.5)    26.3(24.7, 28.0)   
Activities against cultured, asynchronous, blood-stage P. falciparum strains 3D7 and FcB1 were determined after 48 and 72 h using the parasite 
lactate dehydrogenase assay. Dose–response curves were used to determine the IC50 and the results are expressed as geometric means of IC50 from 
three duplicate determinations. 
 
a  Values represent concentrations of each of quinine and artemisinin in a 1:1 ratio, for example, a combination of 31.8 nM quinine + 31.8 nM 
artemisinin inhibited the growth of 3D7 by 50% after 48 h. 
 
Table 3:  XP Score and Prime-MM-GBSA energy of Art-Qui-OH and its derivatives with Fe (II) PPIX 
Ligand G Score ∆G bind ΔΔG bind-cald   Fe-O1 (Å) Fe-O2 (Å)   Fe-O13 (Å)   Fe-O11 (Å) 
1 -7.485 -32.35  0.00 3.273 2.817  5.149  5.149  
19 -7.600 -34.38 -2.03 3.298 2.853 5.214  4.934  
10  -7.620 -36.57  -4.22  3.282  2.825  5.172  4.951 
14  -7.622 -37.43 -5.08  3.330 2.731  4.998  4.772  
9 -7.673 -41.30  -8.95  3.281  2.817  5.125  4.867  
11 -7.722 -42.48  -10.13  6.487  6.176  5.235  3.812 
12 -7.815 -44.11  -11.76  3.276  2.833  5.083  4.639  
21  - 8.913 -49.00  -16.65  3.317 2.817  5.120  4.786  
All the energy parameters are expressed in kcal/mol 
ΔΔG bind-cald=   ∆G bind-ligand- ∆G Art-Qui-OH             
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Abstract 

Despite its efficacy against malaria, the relatively low yield (0.01%-0.8%) of artemisinin in Artemisia annua is a 
serious limitation to the commercialization of the drug. A better understanding of the biosynthetic pathway of ar-
temisinin and its regulation by both exogenous and endogenous factors is essential to improve artemisinin yield. 
Increasing evidence has shown that microRNAs (miRNAs) play multiple roles in various biological processes. In 
this study, we used previously known miRNAs from Arabidopsis and rice against expressed sequence tag (EST) 
database of A. annua to search for potential miRNAs and their targets in A. annua. A total of six potential 
miRNAs were predicted, which belong to the miR414 and miR1310 families. Furthermore, eight potential target 
genes were identified in this species. Among them, seven genes encode proteins that play important roles in ar-
temisinin biosynthesis, including HMG-CoA reductase (HMGR), amorpha-4,11-diene synthase (ADS), farnesyl 
pyrophosphate synthase (FPS) and cytochrome P450. In addition, a gene coding for putative AINTEGUMENTA, 
which is involved in signal transduction and development, was also predicted as one of the targets. This is the first 
in silico study to indicate that miRNAs target genes encoding enzymes involved in artemisinin biosynthesis, 
which may help to understand the miRNA-mediated regulation of artemisinin biosynthesis in A. annua. 

Key words: artemisinin, microRNA, EST, computational prediction, Artemisia annua 
 

 

Introduction 

Malaria is a global health problem with more than 1 
billion people living in areas at a high risk of the dis-
ease. Artemisinin combination therapies (ACTs) are 
the recommended treatment regimen for uncompli-
cated malaria caused by the Plasmodium falciparum 
parasite (1). It has long been recognized that the 
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problem of artemisinin resistance is best addressed by 
increasing access to ACTs (2). This approach receives 
strong support from the global health community. 
However, there is growing concern that the supply 
chain will be unable to consistently produce 
high-quality artemisinin in the quantities that will be 
required (2). ACT supply remains reliant on the agri-
cultural production of artemisinin, which is a ses-
quiterpenoid synthesized in the glandular trichomes of 
the Chinese medicinal plant sweet wormwood (Ar-
temisia annua L.) (3). However, artemisinin concen-
tration in A. annua is low, (in the range of 
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0.01%-0.8% per dry weight of tissue), which seri-
ously limits the commercialization of the drug (4). 
Therefore, improved varieties of A. annua for farmers 
in the developing countries would bring immediate 
benefits to the existing artemisinin supply chain by 
reducing production costs, stabilizing supplies, and 
improving growers’ confidence in the crop (2).  

Conventional breeding and genetic engineering ap-
proaches would allow construction of A. annua geno-
types rich in artemisinin (4). A better understanding of 
the biochemical pathway leading to the artemisinin 
synthesis and regulation by both exogenous and en-
dogenous factors is essential for facilitating yield in-
crease (5). With the elucidation of the artemisinin 
biosynthetic pathway and identification of amor-
pha-4,11-diene synthase (ADS), which catalyses the 
first biosynthetic step in artemisinin biosynthesis, it is 
possible to explore unconventional alternate strate-
gies that are economically viable for the commercial 
production of artemisinin. Two approaches appear 
promising. The first approach is to synthesize ar-
temisinin from its simple precursor such as artemis-
inic acid via semi-synthetic route. Recently, scientific 
effort is being directed to develop a biological method 
to supply sufficient and reliable quantities of ar-
temisinic acid, a direct precursor of artemisinin. For 
example, there was report on engineering of Sac-
charomyces cerevisiae to produce high titres (up to 
100 mg/L) of artemisinic acid using an engineered 
mevalonate pathway, ADS, and a novel cytochrome 
P450 monooxygenase (CYP71AV1) from A. annua 
(6). The second approach is to regulate key enzymes 
leading to increased artemisinin biosynthesis with 
metabolic engineering. Certainly, the latter strategy 
has provided some exciting results and further efforts 
may accelerate commercialization of this crucial drug. 
Zhang et al showed that down-regulation of squalene 
synthase (SQS), a key enzyme of sterol pathway that 
is competitive with artemisinin biosynthetic pathway, 
by hairpin-RNA-mediated gene silencing in A. annua 
resulted in a 3-fold increase in artemisinin production 
(7). Furthermore, study on the expression of genes 
involved in the terpene metabolism also indicated that 
SQS may significantly compete for farnesyl diphos-
phate (FDP) in artemisinin-producing tissues of A. 
annua (8). In addition, higher artemisinin content was 
reported in induced tetraploid A. annua, which may 

result from the upregulated expression of some key 
enzyme genes related to artemisinin biosynthesis in-
cluding ADS, farnesyl diphosphate synthase (FPS), 
HMG-CoA reductase (HMGR) and artemisinin me-
tabolite-specific aldehyde hydrogenase 1 (9). There-
fore, a better understanding of the molecular mecha-
nisms involved in the artemisinin biosynthesis and 
regulation will provide better strategies to develop 
new varieties with a higher content of artemisinin. 

miRNAs are a large family of endogenous small 
RNAs containing ~22 nucleotides, which are derived 
from large precursors that are transcribed from 
non-protein-coding genes (10). Plant miRNAs gener-
ally interact with their targets through perfect or 
near-perfect complementarity and repress translation 
(11, 12) or cleave targeted mRNAs (13), thus nega-
tively regulate the expression of their target genes 
(14). Plant miRNAs target a large number of genes 
with functions in a range of development processes, 
including meristem cell identity (15), leaf organ 
morphogenesis (11, 12), polarity and floral differen-
tiation and development (16). miRNAs are also re-
ported to be involved in plant responses to biotic and 
environmental stresses (17). The metabolite biosyn-
thesis is also regulated by miRNAs (18). A large 
number of miRNAs have so far been identified in 
various plant species. However, no miRNA from As-
teraceae has been reported yet, reflecting a disparity 
between the important values of this plant family and 
insufficient molecular and genetic studies, including 
small RNA mediated gene regulation, in Asteraceae. 
To gain insight into miRNAs and their important 
regulatory functions in artemisinin biosynthetic path-
way, we studied miRNA and their targets in A.annua 
using computational approach. 

Computational or bioinformatics approach is one of 
the many approaches available for miRNA prediction 
(19), which can discover miRNAs not only from spe-
cies with full genomic and sufficient EST database 
available, but also from those with incomplete ge-
nomic information while with sufficient EST se-
quences available (20). In addition, this approach is 
very useful for predicting miRNAs that usually 
cannot be detected by the direct cloning, particularly 
the low-abundance miRNAs. The computational ap-
proaches are based on homology search, gene search, 
neighbor stem-loop search, comparative genomic al-
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gorithm or phylogenetic shadowing (21). Homology 
search, which can be further classified as ge-
nome-based search or EST-based search (22), is based 
on conserved sequences and secondary structures 
and identifies miRNA genes by searching nucleotide 
databases using BLAST. Using homology search, 
orthologues of known miRNAs were revealed in dif-
ferent species, supporting that miRNAs are conserved 
in different species (23). In addition, hundreds of new 
miRNAs were also identified using this method 
from the genomes of model species, such as Arabi-
dopsis (24) and rice (Oryza. sativa) (25). 

With the development of computational methods, 
several computer software programs have been de-
veloped to help identify plant potential miRNA target 
genes in mRNA sequences. Because almost all 
miRNAs show perfect or near-perfect complementar-
ity with their targets in plants, it is much easier to 
predict miRNA targets using a BLAST search of 
mRNA database. More and more studies have shown 
the success of this powerful approach to select poten-
tial miRNA targets in mRNA sequences for experi-
mental validation (21). 

Results and Discussion 

Identification of potential miRNAs in A. an-
nua 

Most mature miRNAs are evolutionarily conserved 
from species to species within the plant kingdom, 
which facilitates the prediction of the existence of 
new miRNA orthologs or homologs in other plant 
species. In this study, we applied the comprehensive 
strategy to identify potential miRNAs in A. annua by 
searching EST against known miRNAs of a dicoty-
ledonous plant Arabidopsis and a monocotyledonous 
rice. 

Following the procedure depicted in Figure 1, 
94,724 ESTs from A. annua were searched against 
584 mature sequences of miRNAs from Arabidopsis 
and rice after removal of redundant sequences. In total, 
six potential miRNAs were predicted from A. annua 
(Figure 2). The six identified A. annua candidate 
miRNAs belong to two miRNA families. miR1310 
family has one miRNA. miR414 family has five ho-

mologs with two from A. thaliana and three from O. 
sativa, respectively (Table 1). 

It is estimated that in plants, approximate 10,000 
ESTs contain 1 miRNA. Therefore, the total of 94,724 
ESTs in A. annua examined in this study may 
contain 9-10 miRNAs. However, in this study, only 
six miRNAs were predicted even with maximal 
5-mismatches were allowed. The average length of 
ESTs is 654 nt and the longest is 795 nt, while most 
of miRNA precursors have 80-150 nt as identified by 
MirEval software (26), suggesting that the EST may 
contain other element sequences in addition to 
miRNA precursor sequence (27). The length of 
miRNA precursors in A. annua varied from 80 to 150 
nt, with an average of 97 nt. The different sizes of 
the identified miRNAs within different families sug-
gest that they may offer unique functions for regula-
tion of miRNA biogenesis or gene expression (28). 
The diversity of the identified miRNAs could be also 
found in the location of mature miRNA sequences. It 
is shown that the sequences of miR1310 and two 
members of miR414 from O. sativa family were 
located at the 5’ end of the miRNA precursors, while 
the other miR414 members were found at the 3’ end. 
Minimal folding free energy (MFE) is an important 
characteristic that determines the secondary structure 
of nucleic acids (DNA and RNA). The lower the MFE 
is, the higher the thermodynamically stable secondary 
structure of the corresponding sequence is (29). The 
MFE index (MFEI) for each sequence was calculated 
as previously reported (30). In this study, the MEFI 
values ranged from 0.41 to 0.87. miRNA precursor 
sequences have significantly higher MFEI value than 
other non-coding or coding RNAs. To avoid false 
calling of other RNAs as miRNA candidates, MFEI 
was also considered when predicting secondary 
structures (31).  

Identifying miRNAs using EST analysis (32) has 
some advantages over other methods (33). It has been 
suggested that most of the miRNAs predicted by EST 
analysis can be recovered by high-throughput deep 
sequencing (34). 

Although we have computationally identified six 
miRNAs, the number of miRNAs discovered is rela-
tively small. A. annua belongs to Asteraceae, which is 
the largest plant family of vascular plants on Earth; 
comprising more than 23,000 genetically diverse and 
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ecologically successful species (http://www. 
mobot.org/MOBOT/research/APweb/, Angiosperm 
Phylogeny Website, Version 9, 2011). Unfortunately, 
not a single miRNA from Asteraceae family has 
been deposited in the MiRbase (35). We expect that 
as more miRNAs of this family are publicly avail-
able, more miRNAs will be identified in A. annua. 
Interestingly, a recently published study reported that 
151 potentially conserved miRNAs belonging to 26 
miRNA families were successfully identified and 
characterized using qPCR in 11 genus of Asteraceae 

(36). In addition, another recent article reported 11 
highly conserved miRNA precursors from 9 families 
using gene-oriented clusters of transcript sequences of 
A. annua with 88,174 UniGenes using a modified 
computational approach (37). However, no miRNA 
targets were found among genes encoding enzymes 
involved in artemisinin biosynthesis, maybe because 
the conserved miRNAs preform evolutionarily stable 
functions, or miRNA-mediated regulation of artemisi-
nin synthesis could be exerted primarily by novel or 
clade-specific miRNAs. 

 

Figure 1  Schematic diagram for searching potential miRNA genes in A. annua by identifying homologs of previously known plant 
miRNAs. 
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Figure 2  Mature and precursor sequences and the predicted stem and loop structures of newly identified miRNAs in A. annua. The 
mature miRNAs are highlighted in gray. A. miR414 (EY064998; homolog of A. thaliana); B. miR414 (EY057163; homolog of O. 
sativa); C. miR414 (EY082442; homolog of O. sativa); D. miR414 (EY107691; homolog of A. thaliana); E. miR1310 (EY057327; 
homolog of O. sativa); F. miR414 (EY083764; homolog of O. sativa). 
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Table 1  Newly identified miRNAs from ESTs of A. annua 

miRNA Reference 
Species Gene ID EST length (nt) NM (nt) LM (nt) LP (nt) Side A + U (%) MFE MEFI 

miR414 A. thaliana EY107691 697 5 21 80 3' 55 14.7 0.41 

 A. thaliana EY064998 795 4 21 150 3' 52 46.1 0.64 

miR414 O. sativa EY057163 759 5 21 100 5' 70 26.2 0.87 

 O. sativa EY083764 678 2 21 90 3' 52.2 28.5 0.66 

 O. sativa EY082442 612 3 21 80 5' 48.8 22.5 0.55 

miR1310 O. sativa EY057327 381 3 23 80 5' 42.5 29.4 0.64 

Note: NM, number of mismatch; LM, length of mature miRNAs; LP, length of precursor; MFE, minimal folding free energy; MFEI, minimal folding 
free energy index. 
 

Prediction of potential targets of putative 
miRNAs in A. annua 

Gaining insight into the miRNA targets will help us 
understand the spectrum of miRNA regulation and 
elucidate the functional importance of miRNAs. 
miRNAs may directly target transcription factors 
which affect plant development and specific genes 
which control metabolism as well (38). To identify 
potential regulatory targets, we first searched mRNA 
database in A. annua and screened for mRNAs com-
plementary to the six miRNAs with less than 4 mis-
matches. Gaps, G-U and other non-canonical pairs 
were not allowed and considered as mismatches. By 
screening against mRNA sequences of A. annua using 
the six newly identified miRNAs, we found 8 target 
genes complementary with less than 4 mismatches. 
Interestingly, one miRNA can be complementary to 
more than one regulatory target (Table 2). For ex-
ample, six sequences were detected as targets of 
miR414 of A. annua. 

One target gene identified for rice miR414 ho-
molog in A. annua (EY082442) is FPS (Table 2). FPS 
catalyzes two consecutive condensation reactions to 
produce FDP, which is the starting point of a large 
variety of essential isoprenoid end products, including 
artemisinin (39, 40). It is clear that the first dedicated 
step in the biosynthesis of artemisinin is the cycliza-
tion of FDP to form amorpha-4,11-diene catalyzed 
by ADS, one of the sesquiterpene cyclases (SQCs) 
(41). The cyclase reaction establishes an important 
stereochemical framework upon which all other 
chemical modifications take place (43). Interestingly, 
another rice miR414 homolog in A. annua, EY083764, 
is predicted to target ADS (Table 2). Modification of 

the amorpha-4,11-diene carbon skeleton to produce 
artemisinin acid was thought to involve a cytochrome 
P450 enzyme leading to the production of artemisinic 
alcohol, which could then be oxidized twice by either 
cytochrome P450 enzymes or dehydrogenases to 
yield artemisinic acid (44). In our study, we found 
that both EY082442 and another Arabidopsis 
miR414 homolog in A. annua (EY064998) were pre-
dicted to target putative flavonoid 3'-hydroxylase cy-
tochrome P450 (DQ363131). 

In addition, EY082442 was also predicted to target 
HMGR (U14625), which is a rate-limiting enzyme of 
the mevalonate pathway. Recently it has been shown 
that HMGR expression limits artemisinin formation in 
A. annua (8). Overexpression of ADS and HMGR 
led to significant increase in the artemisinin yield 
from the transgenic A. annua (42).  

A third rice miR414 homolog of A. annua, EY 
57163, targets a putative SQC (CAB56499), while 
epi-cedrol synthase (EPS, AJ001539), an identified 
SQC converting FDP to 8-epicedrol, is the only target 
of miR1310 homolog of A. annua, EY057327 (Table 
2). A diagram depicting the involvement of miRNAs 
and their targets was shown in Figure S1. 

Other than the enzymes involved in production of 
secondary metabolites, our computational result dem-
onstrates that A. annua miR414 (EY107691) targets the 
mRNA encoding putative AINTEGUMENTA protein 
(GQ468547) (Table 2), which is a transcription activator 
that recognizes and binds to the DNA consensus se-
quence 5'-CAC[AG]N[AT]TNCCNAN G-3' (45). 
AINTEGUMENTA is required for the initiation and 
growth of ovules integumenta, and also involved in 
organ initiation and development, including floral 
organs (46). Interestingly, a positive correlation  
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Table 2  List of the potential targets of newly identified miRNAs in A. annua 

miRNA Gene ID Target Gene ID Target Protein Target Function 

miR414 EY107691 GQ468547 Putative AINTEGUMENTA Transcription regulation 

 EY064998 DQ363131 Putative flavonoid 3'-hydroxylase 
cytochrome P450 Oxidation-reduction process 

miR1310 EY057327 AJ001539 EPS Lyase activity 

miR414 EY057163 CAB56499 Putative SQC Lyase activity 

 EY083764 FJ432667, AF327527 ADS Biosynthesis of artemisinin 

 EY082442 GQ420346 FPS Biosynthesis of cholesterol, isoprene,  
lipid, steroid and sterol 

  U14625 HMGR  Oxidation-reduction process 

  DQ363131 Putative flavonoid 3'-hydroxylase 
cytochrome P450 Oxidation-reduction process 

Note: EPS, epi-cedrol synthase; SQC, sesquiterpene cyclase; ADS, amorpha-4,11-diene synthase; FPS: farnesyl pyrophosphate synthase; HMGR, 
HMG-CoA reductase. 

 
was noticed between the plant age and artemisinin 
yield (47). Furthermore, artemisinin is present in high 
concentration in either flowers or leaves but low or 
zero in stems and roots (48). For A. annua, the highest 
artemisinin concentration has been reported in leaves 
and flowers during full bloom stage, in comparison to 
the pre- and post-flowering stages (49, 50). 

Conclusion 

A. annua has received increasing attention due to its 
ability to produce artemisinin, which today is widely 
used for treatment of malaria. In addition to its an-
ti-malarial properties, artemisinin is cytotoxic for 
cancer cells. Recent reports demonstrate that ar-
temisinin inhibits the secretion and gene expression 
of tumor necrosis factor (TNF)-α, interleukin (IL)-1ß, 
and IL-6 in a dose-dependent manner (51). The un-
fortunately low yield of artemisinin and a worldwide 
shortage of the drug has led to intense research in or-
der to increase the yield of this sesquiterpenoid. Our 
study is the first in silico study to identify miRNAs 
and their targets in A. annua, which we hope could 
help to better understand miRNA-mediated regula-
tion of genes related to artemisinin biosynthesis. 

In summary, in the present study, we predicted six 
miRNAs conserved in A. annua. Furthermore, eight 
potential target genes were predicted, with functions 
in a variety of biological processes, including ar-
temisinin biosynthesis, signal transduction and de-

velopment. Most of the targets are unique to A. annua 
genome, which encode the enzymes associated with 
the artemisinin biosynthesis pathway. Interestingly, 
we also identify one target coding for putative 
AINTEGUMENTA, a transcription factor involved in 
developmental process, especially for floral organs, 
which is coincident with the higher artemisinin con-
tent during flowering. The result from the computa-
tional prediction will be useful to guide experimental 
design for biological verification. The next major 
steps, therefore, are to experimentally analyze the 
functional categories suggested by our computational 
approach, determine the analogous molecular func-
tions amongst divergent plant species, and further 
elucidate any significant correlations between the 
miRNAs and their target genes. Hopefully all these 
efforts would help make more artemisinin available 
at lower costs for more people in the Third World, 
so people who suffer most from malaria can benefit 
more from this valuable and effective drug. 

Materials and Methods 

Databases of miRNAs, ESTs, and mRNA se-
quences 

To search potential miRNAs, a total of previously  
known  674 miRNAs and their precursor sequences  
from A. thaliana and O. sativa were obtained from  
miRNA Registry Database (Release 16.0, October  
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2010; http://www.mirbase.org/) (52). These miRNAs  
were defined as the reference set of miRNA sequences.  
We have referred to the previous work on computa- 
tional prediction of miRNAs by Zhang et al (53). To  
avoid the redundant or overlapping miRNAs, the 
repeated sequences of miRNAs within the above spe- 
cies were removed and the remaining 584 sequences  
were used as query sequences for BLAST search. A.  
annua EST and mRNA databases were obtained from  
the National Center for Biotechnology Information  
(NCBI) GenBank nucleotide databases (http://ftp.  
ncbi.nlm.nih.gov). 

Availability of software 

Comparative software BLAST-2.2.14 was used from  
NCBI GenBank. MFOLD 3.1 from website (http://www. 
bioinfo.rpi.edu/applications/mfold/rna/form1.cgi) was  
used online to analyze secondary structure of RNAs.  
MirEval (http://tagc.univ-mrs.fr/mireval) was used to  
predict miRNA precursors (26). BLASTx from NCBI  
(http://www.ncbi.nlm.nih.gov) was used to analyze  
potential targets of miRNAs. 

Prediction of miRNAs 

Procedure for searching potential miRNAs in A. an- 
nua is shown in Figure 2. We used the method de- 
scribed by Zhang et al (53) with some modifications.  
Briefly, the previously known miRNAs in A. thaliana  
and O. sativa were screened out, and the redundant  
sequences were removed. The remaining miRNA se- 
quences were subjected to BLAST search for A. an- 
nua miRNA homologs against EST databases. 

The mature sequences of all miRNAs from Arabi- 
dopsis and rice were subjected to BLASTn search in  
the A. annua EST databases using BLASTn 2.2.9.  
The adjusted BLASTn parameter settings were as  
follows: expect values were set at 1,000; low com- 
plexity was chosen as the sequence filter; the number  
of descriptions and alignments was raised to 1,000.  
The default word-match size between the query and  
database sequences was 7. RNA sequences were con- 
sidered as miRNA candidates only if they fit the fol- 
lowing criteria: (1) at least 18 nt length were adopted  
between the predicted mature miRNAs and (2) al- 
lowed to have 0-5 nt mismatches in sequence with all  

previously known plant mature miRNAs (53). The  
ESTs that closely match the previously known plant  
mature miRNAs were included in the set of miRNA  
candidates and used for additional characterization  
based on the following criteria: (1) the entire EST  
sequence was selected to predict the secondary struc- 
tures and to screen for miRNA precursor sequences;  
(2) the selected ESTs were further compared with  
each other to eliminate redundancies; and (3) these  
sequences were subjected to evaluation for miRNA  
precursor prediction properties using mirEval soft- 
ware (26). These precursor sequences were used for  
BLASTx analysis for removing the protein-coding  
sequences and retaining only the non-protein-coding  
sequences. 

Prediction of secondary structure 

Precursor sequences of these potential miRNA ho-
mologs were subjected to hairpin structure predic-
tions using the Zuker folding algorithm with 
Mfold-3.1. The following parameters were used in 
predicting the secondary structures: (1) linear RNA 
sequence; (2) folding temperatures fixed at 37ºC; 
ionic conditions of 1 M NaCl without divalent ions; 
(3) percent suboptimality number of 5; (4) maximum 
interior/bulge loop size of 30; (5) the grid lines in 
energy dot plot turned on. All other parameters were 
set with default values. In brief, the following criteria 
were applied in designating the RNA sequence as an 
miRNA homolog as described by Wang et al (54): (1) 
the sequence could fold into an appropriate stem-loop 
hairpin secondary structure; (2) the small RNA sits in 
one arm of the hairpin structure; (3) no more than 6 
mismatches are between the predicted mature miRNA 
sequence and its opposite miRNA (miRNA*) se-
quence in the secondary structure; (4) no loop or 
break is in the miRNA or miRNA* sequences, and (5) 
predicted secondary structure has higher MFEI and 
negative MFE. 

The MFEI was calculated using the following equ-
ation (54): 

MEFI= [(MEF/length of the RNA sequence)×100] 
/ (G+C)% 

MFE denotes the negative folding free energies 
(ΔG). 
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Figure 3  Schematic diagram for searching potential target mRNA of miRNAs by blasting mRNA database of A. annua with newly 
identified miRNA sequences. 

 
Prediction of mRNA targets of miRNAs 

Previous study has shown that most known plant 
miRNAs bind to the protein-coding region of their 
mRNA targets with perfect or nearly-perfect sequence 
complementarity, and degrade the target mRNA in a 
way similar to RNA interference (10, 12). This sug-
gests a powerful approach to predict miRNA targets 
in plants by simply using homology search (Figure 3). 
In this study, we used homology search to predict 
miRNA targets in A. annua. The number of allowed 
mismatches at complementary sites between miRNA 
sequences and potential mRNA targets was no more 
than 4 and no gaps were allowed at the complemen-
tary sites. 
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